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A 
b 
c 
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L 
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M 
NE 
p 
q 
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Width 
Spring constant of the structure 
Linearized nonlinear spring constant 
Capacity or compliance of a system 
Piezoelectric d coefficient 
Dielectric displacement field 
Arbitrary effort variable 
Electrical field 
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Piezoelectric h coefficient 
Forcing function 
Transducer blocked force 
Damping force 
Restoring force 
Area moment of inertia or electrical current 
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Distance between interdigitated electrode fingers 
Length 
Overlapping length of adjacent fingers for interdigitated 
electrodes 
Inductivity or inertial contribution of a system 
Mass 
Molar concentration 
Number of finger pairs for interdigitated electrodes 
Position along the length direction of a beam 
Deflection at an antinodal position 
Q-factor of a device 
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rect 
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sys 
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Variable is a beam parameter 
Variable is an electrical domain parameter 
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Effective material parameter 
Reference to an acting force 
Indication of an individual layer, vibration mode or other 
countable variable 
Variable is an electrical load parameter 
Variable is a mechanical domain parameter 
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1 Introduction 
1.1 Motivation 
Piezoelectricity as an inherent property of certain crystalline materials has first 
been discovered more than a century ago. Since then, it evolved from a solid-
state curiosity to a widely used effect in industrial applications spanning from 
ultrasonic transducers via nano-scale actuation to the automotive industry. This 
way has been substantially paved by the development of novel engineered 
materials and an augmented understanding of the underlying solid-state effects. 
As a result, lead-zirconate-titanate compounds have emerged as one of the 
strongest known piezoelectrics and are broadly applied by now. However, in 
recent years, concerns about the environmental toxicity of lead-based materials 
were raised culminating in the European Union directive on the restriction of the 
use of certain hazardous substances in electrical and electronic equipment 
(RoHS) [1]. Thereby, lead is to be expelled from a multitude of different 
appliances promoting the urge to find suitable alternatives for piezoelectric 
applications as well. With respect to this, preliminary evaluations pointed 
towards the extraordinary potential of potassium-sodium-niobates [2]. 
Apart from material science striving towards new processing routes the last 
years unveiled an increasing demand for mobile electronics. Unfortunately, the 
possibility to store electrical energy did neither develop in accordance with the 
demand from mobile devices nor with the desire for on-chip scalability and 
integration. Hence, research on new technologies thrives that try to directly 
harvest energy from ambient sources to power distributed sensor network 
functionalities. One of the most auspicious is the conversion of ubiquitous 
mechanical vibrations into electrical energy by a perpetually driven piezoelectric 
transducer [3, 4]. Evidently, success in autonomous power supply for 
microsystem or microchip devices would enable tremendous possibilities and 
thrust aside all technological and economical limits that are effective for 
traditional electrical battery based devices. Furthermore, this emerging 
technology unlocks a completely new field of applications for long-established 
piezoelectric materials where their functional integration into thin-film 
microsystems is of primary importance. 
Introduction 
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1.2 State-of-the-Art 
As scavenging from ambient vibration energy sources presents a newly 
developing branch of technology, reports about functional devices are sparse. 
This is especially true while referring to the micro-scale. Today, most literature 
contributions deal with acquiring a fundamental understanding of the involved 
electro-mechanical transduction mechanisms and the derivation of optimality 
conditions [5-8]. To achieve this, initial studies used macroscopic device 
prototypes [9, 10]. Even less is known with reference to microsystem-integrated 
piezoelectric energy harvesting [11-14] but with the piezoelectric effect being 
largely determined by the capitalized material volume the question of scalability 
is of utmost importance. In addition to this, a systematic assessment of the 
impact of transducer properties has only just begun [15] and a preference for 
certain material systems or compositions did not evolve. With respect to this, the 
processing of lead-free piezoelectrics (i.e. potassium-sodium-niobate) in their 
thin-film form is of great interest.  
So far, alkaline-niobates have mainly been processed and characterized in bulk 
form [16-20]. Unfortunately, even here, the highly reactive nature of the 
involved elements eluded the derivation of state-of-the-art processing routes for 
a long time. This is particularly valid while requested in thin-film form and 
indeed functional films could not be prepared for films in the thickness range of 
a few hundred nanometers. While functional micron-sized films have been 
presented prepared by sputter-deposition [21, 22] or recently in freestanding film 
form [23], the reduced thickness regime has been tackled by chemical solution 
deposition approaches [24-27]. However, none of these resulted in well-defined 
material characteristics owing to the complicated materials chemistry and in turn 
strongly defective films. 
In contrast to this, poly (vinylidene fluoride – trifluoroethylene) constitutes a 
polymeric piezoelectric which is easy to process and well-known in literature 
[28, 29]. A comprehensive evaluation of its aptitude for piezoelectric energy 
harvesting considering its enormous elasticity is nonexistent, though. This is 
mainly due to additional problems arising from the chemically sensitive nature 
of this material with respect to the microsystem integration processes. 
Objectives 
 
3 
 
1.3 Objectives 
The main aim of this work is to develop thin-film processing strategies for lead-
free piezoelectric materials. Further, the role that these materials can play in 
vibration-based piezoelectric microgenerators should be evaluated. With respect 
to the state-of-the-art the basic scientific approach is fourfold. 
First, a theoretical model of the problem in question will have to be found that 
accurately incorporates and is able to reveal the intrinsic contribution of material 
properties to the microgenerator performance. This problem description will be 
the basis for a simulative procedure to rate the gain that may be attributed to 
optimal transducer characteristics. Hence, the development of thin-film 
processing strategies for lead-free materials in this thesis is beside environmental 
concerns also propelled by possible application enhancements. 
Second, the specific layout of a piezoelectric microgenerator will be subject to 
scrutiny and design guidelines will be deduced such that the microfabricated 
devices comply with the imposed application requirements. These include the 
adjustment of the device’s natural frequency towards the regime of about one 
hundred Hertz under reduced spatial dimensions as well as the adaptation to 
randomly fluctuating input vibrations. In addition to this, the general aptitude for 
microgeneration will be shown and a benchmark will be set for a default lead-
zirconate-titanate thin-film transducer. 
Third, the eligibility of poly (vinylidene fluoride – trifluoroethylene) films for 
microsystem integration will be investigated. Here, the damage potential 
emanating from consecutive processing and pattern transfer steps will be in 
focus. The inferred course of action will be finally applied to the fabrication of a 
piezoelectric microsystem based on this polymeric material system. 
Fourth and last, the processing of functional potassium-sodium-niobate thin-
films by means of chemical solution deposition will be approached even if the 
final integration into a piezoelectric energy harvester is not likely at the present 
state of research. Due to the complex nature of the respective material system, 
particular attention will be paid to the understanding of the underlying chemistry 
and material science. This will be identified to be a fundamental prerequisite for 
the deposition of functional potassium-sodium-niobate thin-films. The chosen 
approach will finally result in the derivation of an overall novel synthesis route 
for the chemical solution deposition of complex oxides. 
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2 Functional Thin-Film Materials 
Functional electronic properties like piezoelectricity and ferroelectricity are an 
important aspect of various ceramic oxides and even of some polymeric 
materials referred to in this thesis. Therefore, a brief introduction to these solid-
state effects will be given in the following. 
2.1 Theoretical Description of the Piezoelectric Effect 
In general, the piezoelectric effect describes the linear relationship between 
mechanical and electrical state variables in certain material systems. The 
fundamental physical explanation of the involved phenomena relates a 
displacement in internal dipole moments to an extrinsic mechanical force (direct 
effect) or electrical field (reversed effect). This property is characteristic for 
twenty of the thirty-two existent crystallographic point groups. More precisely, 
for any given crystal system a necessary prerequisite to display piezoelectricity 
is lacking a central inversion point. Therefore, the centroid of positively and 
negatively charged ions in the lattice can be shifted with respect to each other by 
an extrinsic driving force be it mechanically or electrically induced. While non-
centrosymmetric unit cells enable the primary existence of atomic dipoles, 
certain materials further possess several stable quantum positions that allow for 
an orientational rearrangement of this dipole moment. These materials are called 
ferroelectrics and notable representatives are materials that crystallize in the 
perovskite structure. Materials that show a switchable ferroelectric polarization 
therefore feature - by definition - a piezoelectric nature as well. However, the 
reverse is not true. 
Analytical means to mathematically describe the electromechanical domain 
coupling of piezoelectric materials are provided by the set of constitutive 
piezoelectric equations. As the complete set can be found in various textbooks 
(e.g. [30]) solely the strain–charge-form will be given in the following while the 
name is related to the two dependent variables. 
E tS = s T + d E  
(2.1) 
ε TD = dT + E
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Here, S and T refer to the respective mechanical strain and stress and D and E 
denote the corresponding electrical displacement field and electrical field. 
Accordingly, sE and εT define the mechanical compliance under a constant 
electrical field as well as the electrical permittivity of the transducer under a 
constant mechanical stress. Finally, d (dt) represents the piezoelectric coefficient 
matrix (transposed) of the transducer. Including all spatial dimensions, the stated 
constitutive piezoelectric equations are basically higher rank tensor equations. 
However, using various symmetry considerations re-labeling may yield reduced 
matrix-vector-formulations (Voigt notation) [30]. While applicable, even a 
reduction to a scalar nature as a one-dimensional approximation is possible and 
will be used in this thesis. 
2.2 Piezoelectricity in Selected Material Systems 
Piezoelectricity as a characteristic trait of non-centrosymmetric crystal classes 
manifests itself in several material systems. Out of these, lead-zirconate-titanate 
and potassium-sodium-niobate, two strongly piezoelectric complex oxides as 
well as poly (vinylidene fluoride – trifluoroethylene), a polymeric substance, 
will be utilized in this thesis. This section will introduce the corresponding 
material systems as well as point towards literature reports about compositional 
influences. In addition to this, different crystallographic point groups allow for 
simplifications in the matrix description of the respective material parameters 
due to the three-dimensional nature of the piezoelectric effect originating from 
an anisotropic unit cell of the respective crystal. 
2.2.1 Lead-Zirconate-Titanate 
Lead-zirconate-titanate (PZT) constitutes the state-of-the-art piezoelectric 
material for a multitude of different applications spanning from actuator to 
sensor operation. Depending on the zirconium to titanium ratio in the lattice, 
different crystal classes emerge upon cooling below the Curie-temperature. The 
complete phase diagram is shown in Figure 2.1. Particularly compositions next 
to the morphotropic phase boundary between the titanium-rich tetragonal and the 
zirconium-rich rhombohedral distortion are of technological importance [31]. In 
this work, titanium-dominated compositions of the stoichiometry 
Piezoelectricity in Selected Material Systems 
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Pb(Zr0.45,Ti0.55)O3 have been applied in the fabrication of piezoelectric 
microsystems. The reasons that led to this composition will be discussed later. 
Regarding its crystal symmetry, PZT exhibits the ABO3 perovskite structure 
where the Pb2+-ions occupy the A-site and the Ti4+ or Zr4+-ions set up the B-sites 
of the unit cell. In turn, the oxygen ions are arranged in an octahedral form. The 
Bravais lattice representation for the tetragonal distortion is schematically 
displayed in Figure 2.2. 
  
Figure 2.1: Phase diagram of lead-
zirconate-titanate Pb(Zrx,Ti1-x)O3 over the 
complete compositional range according 
to [32] 
Figure 2.2: Schematic illustration of a 
PZT perovskite-type crystal lattice in a 
tetragonal distortion 
Out of symmetry considerations, the matrix description of the fundamental 
material properties can be further simplified for the crystallographic point group 
4mm (with tetragonal PZT as a prominent member). Therefore, the reduced 
matrix of the piezoelectric coefficients can be written as 
15
15
31 31 33
0 0 0 0 0
0 0 0 0 0
0 0 0
d
d
d d d
 
 
 
 
 
d =  (2.2) 
Similar reduced forms exist for the mechanical compliance and the electrical 
permittivity and can be found elsewhere [33]. 
Lead-zirconate-titanate thin-films will be used throughout this thesis as a starting 
point for the development of piezoelectric microgenerators. As PZT thin-films 
have been successfully integrated and are broadly applied for piezoelectric 
microsystems [31, 34] useful benchmarks can be derived from the respective 
Functional Thin-Film Materials 
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devices. Finally, a thorough characterization of composition influences on lead-
zirconate-titanate thin-films may be found in [35]. 
2.2.2 Potassium-Sodium-Niobate 
A few years ago, renewed interest has recurred on the processing of alkaline 
niobate complex oxides as Saito presented evidence for strong piezoelectric 
activity specifically in doped potassium sodium niobate ceramics (KNN-LST) 
[2]. This finding supported endeavors to develop a suitable alternative for PZT 
ceramics due to the hazardous nature of lead and the respective trend to 
substitute lead compounds in industrial usage in the European Union (RoHS) 
[1]. 
Piezoelectricity in potassium-sodium-niobate ceramics is known for quite some 
time [36-38]. However, potassium-sodium-niobates exhibit a far more 
composition dependent way of phase formation compared to PZT ceramics 
along with different morphotropic phase boundaries. A complete phase diagram 
of the solid-solution of potassium niobate and sodium niobate has been given by 
Ahtee [39] and is shown in Figure 2.3. The single morphotropic phase boundary 
that was exclusively investigated in this thesis is located close to the equimolar 
K/Na-composition and is characterized by its temperature independent 
existence. The morphotropic phase boundary separates the formation of an 
orthorhombic crystal system in potassium-rich regions from a monoclinic 
representation in the respective sodium-rich regime. Therefore, compared to 
PZT, a substitution on the A-site of the perovskite structure is performed. In 
addition to this, the valency of the constituting ions has changed to a univalent 
ion (potassium or sodium) occupying the A-site and a pentavalent ion (niobium) 
occupying the B-site of the perovskite structure. Unfortunately, this change in 
valency severely influences the chemical reactivity that has to be accounted for 
during materials processing rendering the synthesis of defect-free functional 
KNN films challenging. Figure 2.4 displays a schematic illustration of the KNN 
crystal lattice in an orthorhombic distortion. The structure of the NbO6 
octahedron including the Nb-O bond lengths and angles has been drawn based 
on the data provided by Katz for potassium niobate [40]. 
Piezoelectricity in Selected Material Systems 
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Figure 2.3: Phase diagram of potassium-
sodium-niobate (K1-x,Nax)NbO3. Pure 
potassium niobate is obtained at the right 
hand side of the diagram 
Figure 2.4: Schematic illustration of a 
KNN perovskite-type crystal lattice in 
orthorhombic distortion 
Hence, the crystallographic point group can be determined to be mm2 and 
accordingly, the piezoelectric coefficient matrix can be reduced to reflect the 
given symmetry conditions [33] 
15
24
31 32 33
0 0 0 0 0
0 0 0 0 0
0 0 0
d
d
d d d
 
 
 
 
 
d =  (2.3) 
Evidently, the orthorhombic potassium-sodium-niobate representation is of a 
lower symmetry compared to the tetragonal lead-zirconate-titanate unit cells but 
can be used in similar device designs. Nevertheless, texture control was found to 
be of specific importance for KNN films. 
The processing of thin-films of potassium-sodium-niobate constitutes a main 
part of this work. Chemical solution processing of films is considered the most 
auspicious approach due to some inherent advantages such as cost effectiveness, 
ease of stoichiometrical control and the possibility to obtain a diverse range of 
doped compositions. Consistently, sputter deposition of KNN films was often 
found to exhibit pronounced difficulties with respect to composition adjustment 
[20]. However, deposition by chemical means requires new insights into the 
impact of precursor chemistry and processing conditions upon the distribution of 
metal ion species and the resulting crystallization pathways. More on this will be 
given later. Finally, with respect to microgenerator device performance, an 
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extensive characterization of material parameter tuning is sparse and mainly 
obtainable in ceramic form [2, 22, 38, 41]. 
2.2.3 Poly (Vinylidene Fluoride – Trifluoroethylene) 
The third and last piezoelectric material system that will be referred to in this 
work is poly (vinylidene fluoride – trifluoroethylene) P(VDF-TrFE), one of the 
few polymeric substances known to exhibit piezoelectricity. While the intensity 
of the electromechanical coupling is significantly weaker than in the presented 
ceramic oxides, the usage of PVDF is especially tantalizing in piezoelectric 
microgenerators. Firstly, PVDF as a part-crystalline polymer is able to withstand 
extraordinary elongations on the order of 20 % at room temperature [42] and 
may therefore enable the design of interesting new microsystems. In contrast to 
this, ceramic materials are very prone to tension induced material failure. 
Secondly, one characteristic property of PVDF-based piezoelectrics is a 
particularly low dielectric permittivity. This may well be of special importance 
as will be shown later. 
From an atomistic point of view, piezoelectricity in PVDF is due to a dipole 
moment emerging between fluorine and hydrogen atoms alternately bonded to a 
polymeric carbon chain (preferably head-to-tail-configuration, β-phase). Due to 
a series of possible atomic rearrangements several other configurations are also 
found to be existent which are of lesser molecular polarity [α-, γ-, δ-phase]. 
However, all of these phases do not necessarily possess a stable macroscopic 
polarization. The most favorable conformation in this regard is the β-phase 
which tends to parallel chain packing in its crystalline form. Unfortunately, 
when grown from the melt usually the macroscopically non-polar α-phase is 
obtained. Sophisticated synthesis approaches are therefore applied to produce 
PVDF exclusively in its polar form [43]. Another possibility to systematically 
influence the phase formation is provided by the insertion of TrFE monomers 
into the PVDF chains. As of the sterically slightly more bulky nature of the 
additional fluorine atoms, the material is largely forced to adopt the more 
extended β-conformation. Further on, it is widely established, that the 
deliberately elevated defect concentration enhances the crystalline fraction of the 
PVDF at the cost of a slightly reduced individual dipole moment. With respect 
to the applicable P(VDF-TrFE) compositions, Figure 2.5 displays the resultant 
Piezoelectricity in Selected Material Systems 
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phase diagram. In addition to this, Figure 2.6 presents a graphical illustration of 
the molecular geometry of several parallel packed PVDF chains in β-
conformation where some units have been substituted by inserted TrFE 
monomers. 
  
Figure 2.5: Phase diagram of polymeric 
P(VDF-TrFE) compositions [29] 
Figure 2.6: Schematic illustration of the 
three-dimensional structure of parallel 
packed β-PVDF chains with randomly 
inserted TrFE units 
The P(VDF-TrFE) compound utilized in this work has been provided by Solvay 
under the trademark Solvene 190 and was of the composition 
P(VDF0.76-TrFE0.24). Considering the given symmetry conditions for the 
pseudohexagonal lattice of packed PVDF chains, the piezoelectric coefficient 
matrix can be stated as 
15
24
31 32 33
0 0 0 0 0
0 0 0 0 0
0 0 0
d
d
d d d
 
 
 
 
 
d =  (2.4) 
Interestingly, a strong decline of approximately an order of magnitude is existent 
between the piezoelectric coefficients parallel to (d31) and transverse to (d32) the 
packed chains. It should be further noted, that in contrast to most other 
piezoelectric materials, the d33-coefficient of PVDF is of a negative sign. This is 
mostly attributed to dimensional effects as the molecular crystals deform easily 
[44]. A corresponding overview over material parameter tuning possibilities in 
the polymeric system poly (vinylidene fluoride-trifluoroethylene) is provided 
elsewhere [28, 29]. 
Functional Thin-Film Materials 
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2.3 Material Characterization 
In line with the description and investigation of the introduced material systems, 
a multitude of different thin-film characterization techniques will be used in this 
thesis. These will be shortly discussed and details on the utilized equipment will 
be given. 
The characterization of the crystalline structure of all thin-films presented in this 
thesis has been accomplished using a PANalytical X’Pert Pro diffractometer in 
theta-2-theta or glancing angle geometry (incident angle θ = 1°). Additionally, 
the sample holder could be equipped with an Anton Paar XRK 900 thermal 
processing chamber. With this equipment, it was possible to heat the sample up 
to 800°C at a constant rate of 4°C/min while simultaneously measuring the 
formation of crystalline responses in the thin-film material. In order to evaluate 
the development of peak positions during the temperature treatment or to 
distinguish between different crystallographic contributions, PANalytical 
HighScore software has been used for peak deconvolution. 
For evaluating the microstructure of differently processed thin-film samples as 
well as the form of various microsystems, a Zeiss 982 Gemini digital scanning 
electron microscope has been used. Although, the equipment was able to 
perform energy-dispersive x-ray spectroscopy as well, it was found that for the 
targeted thickness regimes, statistically accurate data was hard to obtain. 
The thermal decomposition properties of KNN precursors have been studied 
using differential thermal analysis and thermogravimetric analysis (DTA-TG) 
which were carried out using Baehr STA 502 equipment with a typical heating 
rate of 3°C/min. The exact preparation route of the respective material samples 
will be given with the corresponding experiments in detail. 
Another technique, applied to the understanding of the impact of chemical 
precursor modifications has been the use of dynamic light scattering (DLS). 
Dynamic light scattering measurements have been conducted using Malvern 
Instruments Zetasizer Equipment with disposable PE-cuvettes. If this was not 
feasible - i.e. due to the application of an aggressive solvent – optical glass 
cuvettes have been found appropriate. 
Next in line, several different electrical characterizations have been conducted. 
Monitoring of the leakage properties of thin-films was carried out using a high-
precision Keithley 6430 Sourcemeter in a voltage step technique with a 
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relaxation regime of about 20 s subsequent to each step before response 
interpretation. All denominated voltages have been applied to the top electrode. 
Measurements of the ferroelectric polarization were performed using 
ferroelectric test equipment (aixACCT laboratories) under the application of the 
denoted electric fields at a frequency of 100 Hz and a triangular waveform if not 
otherwise specified. The same equipment in combination with a double-beam 
laser interferometer [45] has been applied to the detection of piezoelectric 
activity in the respective thin-films. Measurements were performed in large-
signal (strain response) and small-signal operation (d33 evaluation). 
Finally, microsystems actuated by included piezoelectric films or a dynamic 
base excitation have been characterized with respect to their vibration properties. 
Deflection measurements have been performed using a Polytec OFV 512 fiber 
interferometer connected to an OFV 3001 vibrometer controller. 
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3 Fundamentals of Piezoelectric Microgenerators 
This chapter will provide the theoretical foundations used throughout this thesis 
for the description, layout and optimization of piezoelectric microgenerator 
structures. Measurements performed on actual devices presented later on will 
invariably refer to the corresponding theoretical formulations while appropriate. 
3.1 Functional Design Requirements 
In order to devise a design for a piezoelectric vibration-based 
microelectromechanical energy harvesting device, certain functional 
requirements of the problem demand observance. In general, arbitrary ambient 
vibration energy sources have to be coupled into a controlled vibrational motion 
of a microsystem device. This dynamic motion has to be maintained throughout 
the desired lifetime of the device and a certain percentage of the stored structural 
energy is applicable to conversion by a piezoelectric transducer in each vibration 
period. In theory, several publications deal with the description of the involved 
electromechanical mechanisms [3, 9, 46-48]. Following the presented 
discussions, three main challenges of the problem in question may be derived as 
the functional requirements of a future microsystem design. 
 
1.) Usage of ubiquitous vibration sources 
The main criterion for the application of a vibration-based energy 
harvester is the adaptation of the design towards ambient vibration 
levels. One of the first assessments of the frequency range and 
displacement amplitudes of available vibration sources has been given 
by Roundy [3]. It was found, that virtually all interesting industrial 
vibration sources peak in a frequency regime between 100 Hz and 
200 Hz and exhibit dynamic accelerations of 0.1-1 g. Unfortunately, 
this frequency range is tremendously hard to target for resonance due 
to the reduced spatial dimensions and moving masses in microsystems. 
Yet, meaningful displacement amplitudes in response to a low-level 
excitation can only be ensured in resonance. Strategies to circumvent 
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this challenge while maintaining the inherent scalability advantages of 
microsystems will be presented in later sections. 
2.) Resonance adjustment for fluctuating input vibrations 
In addition to the ambitious absolute frequency regime of the ambient 
vibration sources, a characteristic feature of every natural vibration 
source is its time dependency. Of all possible patterns by far the fewest 
display a sinusoidal behavior. Most sources follow a random stochastic 
course along with a strongly fluctuating nature of both the 
predominant frequency component and the prevailing acceleration 
maximum. Regrettably, this does not resemble neither the dynamic 
motion of a structure in resonance nor the requirements of basically 
any electrical load. Therefore, any device design in consideration has 
to contain intrinsic or extrinsic controls to transform a randomly 
fluctuating input into a signal as close as possible to a sinusoidal 
output. Reference to this intricate task as well as a possible solution to 
it by a nonlinear dynamic behavior will be discussed in the following. 
3.) Optimization of achievable stress levels 
As a last but vital point, the transduction conditions have to be closely 
monitored. One characteristic feature of a piezoelectric microgenerator 
is the fact that the electrical output of the device is closely linked to the 
mechanical strain that is induced at the position of the piezoelectric 
layer. Maximizing the respective parameter is therefore constrained by 
the structural integrity of the device. It will also be seen that 
controlling the degree of induced mechanical loading is largely 
dependent on the geometrical device design and therefore strongly 
correlated to the vibration characteristics of the structure itself. A more 
than partial fulfillment of the laid down requirements is therefore 
rendered a challenging task. 
Due to the complex nature of the microelectromechanic device design and the 
high level of interdependent design constraints special attention will be directed 
in the following towards identifying single design parameters that allow 
manipulation of individual device characteristics. 
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3.2 Mechanical Microsystem Design 
The dynamic system design of a microelectromechanical system that transforms 
low-level base displacements into a specific spatial distribution of material 
strains requires in-depth knowledge of the behavior of the involved mechanical 
structures. The most important properties will be addressed in the following. 
3.2.1 Strain Distributions in Micromechanical Building Blocks 
As the induced strain in the piezoelectric layer and its variation in time is the 
constituting variable with respect to any possible energy generation a thorough 
evaluation of the influencing factors should be given. With regard to this, an 
appropriate starting point is provided by considering a prescribed tip 
displacement of any given microstructure as a formally independent system 
variable in a static system description. Notwithstanding this approach it should 
be noted that in its dynamic characteristics, the tip displacement is itself 
dependent on the base displacement as well as the quality factor of the device at 
a specific frequency. However, in a static case, a certain tip displacement will in 
turn lead to a spatial distribution of strains that is exclusively determined by the 
geometrical layout of the respective micromechanical building block. For 
understanding the fundamentals of microsystem design the reader is referred to 
standard text books (as for example [49]). However, two basic mechanical 
setups will be discussed as they exhibit the major design contributions that are 
inherent to the devices presented throughout this thesis. Thus, Figure 3.1a 
displays a simple cantilever device whereas Figure 3.1b illustrates the bridge-
type equivalent each in a Cartesian coordinate system. Both beams are held at a 
prescribed displacement wmax by a force Fˆ . 
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Figure 3.1: Single-side (Figure 3.1a) and double-side (Figure 3.1b) suspended beam 
under a prescribed displacement along with the respective geometrical dimensions 
The non-deformed geometry of each device is fundamentally determined by its 
length lb, its width bb and its thickness tb. However, in response to an exerted 
force a deformed shape emerges. 
For the single-side suspended beam, the displacement w at a specific numerical 
coordinate y is given by [49] 
2
b
b b
ˆ
( ) (3 )
6
Fw y y l y
Y I
= −  (3.1) 
Here, Yb denotes the Young’s modulus of the beam’s material and Ib the area 
moment of inertia which is - assuming Euler’s beam theory - known to be 
b
b
32
2 b b
b b
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t
t
b tI b z dz
−
= =∫  (3.2) 
The spatial strain distribution Sb(y,z) induced by the displacement can now be 
derived from the curvature for a small-bending-angle approximation to be [49] 
( )2
b 2( , )
w y
S y z z
y
∂
= −
∂
 (3.3) 
The calculated strain allocation will peak at the suspension of the beam and 
change its sign while traversing the so-called neutral axis of the beam inducing 
elongation at one side and compression at the other. Compared to this, the free 
end of the beam will remain largely unstrained. The same holds true when the 
small-angle approximation is waved. Apparently, a spatial variation that strong 
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in the induced strain levels is far from being optimal for a piezoelectric 
microgenerator. 
Referring to the double-side suspended beam, a more intricate shape arises in 
response to an exerted force. In contrast to a single-side suspended beam, beam 
bending dominates only for small-angle deformations whereas stretching 
determined behavior prevails for large displacements. In addition to this, 
intrinsic stresses σ0 determine a large fraction of the device stiffness similar to a 
strained string. These effects can be approximately incorporated into an 
analytical description when the inverse of the prescribed displacement, the 
resultant restoring force FR is observed. Considering the different contributions 
and assuming a cosine shape function for stretching the restoring force at 
maximum displacement is found to be [49] 
4 2 4
3 3b b 0 b b b
R b b max b max3 3
b b b
bending intrinsic stresses stretching
{ } { }
6 2 8
Y b b Y bF t t w t w
l l l
π π σ π
= + +
  
 
(3.4) 
With respect to Newton’s third law this is also equivalent to the required force 
Fˆ  to provoke a specific static displacement wmax. Equating this formula 
provides first insight into the existent physical regimes. Choosing the different 
microsystem parameters to be comparable to the fabricated devices Figure 3.2 
has been derived. 
lb 800 µm 
bb 60 µm 
tb 1 µm 
Yb 200 GPa 
σ0 500 MPa 
 
 
Figure 3.2: Dependency of the prescribed maximum displacement on the resultant 
restoring force for a double-side suspended beam 
With respect to this, a single layer beam has been assumed that is of equivalent 
physical characteristics as the devices prepared according to fabrication 
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procedure B outlined in chapter 4. Hence, the different intrinsic stresses have 
been combined into a single value. Obviously, it can be distinguished between 
two separate regimes. While for small deflections bending determined behavior 
with a stress distribution similar to Eq. (3.3) prevails, large deflections can only 
be accommodated by changing to stretching determined behavior. The more 
pronounced the stretching gets, the better the resultant stress distribution can be 
approximated by simply equating the necessary change in length in response to a 
one-dimensional strain by the Pythagorean theorem. However, the regulatory 
restoring force is of a nonlinear form which will give rise to broad-bandwidth 
resonance characteristics. In order to determine the transition point between both 
regimes, Eq. (3.4) can be assessed. Without intrinsic stresses the transition 
occurs for displacements larger than the thickness of the beam. It will be shown 
later that intrinsic stresses indeed have a profound impact on device 
characteristics. 
3.2.2 Dynamics of Vibrating Beam Structures 
The dynamic behavior of vibrating beam structures can be assessed by solving 
the corresponding differential equations of motion under the respective 
boundary conditions. The whole subject has been thoroughly studied and the 
details can be found in various textbooks. Regarding the analytic descriptions 
given in this thesis Euler-Bernoulli-beam-theory has been applied exclusively. 
With respect to this, the first natural frequency of a single-layer beam in bending 
motion can be described by [50] 
b b
0 2
b b b2
Y If
l A
λ
π ρ
=  (3.5) 
Hereby, ρb specifies the density of the beam layer and Ab denotes the cross-
sectional area. The parameter λ refers to the eigenvalue of the oscillation and can 
be calculated from the boundary conditions to be about 3.5 for a cantilever beam 
and about 22 for a bridge-type structure. The frequency response of such a linear 
vibration will peak at a single frequency – the resonance – with a bandwidth 
reciprocal to the quality factor of the device. Hence, one can either obtain a high 
peaking of the resonance or a sustained resonance over a certain bandwidth. 
As the spatial dimensions of the device geometry contribute strongly to the 
absolute level of the natural frequency, microsystem devices usually resonate in 
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an elevated frequency regime. One way to suppress this tendency is to attach an 
additional proof mass at an antinodal position. The natural frequencies of such-
modified systems can be evaluated using Rayleigh-Ritz approximations yielding 
[51] 
b b
0
3
b p b
1 3
332
140
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l m mπ
=
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 
 
(3.6) 
for a cantilever beam with a distributed mass of mb and an attached proof mass 
mp at the tip. The resultant natural frequency can be significantly lowered by the 
addition of a heavy proof mass. Further, the natural frequency of a bridge-type 
structure with a proof mass in the middle of the beam can be equated using 
b b
0
3
b p b
4 3
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35
Y If
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 
 
(3.7) 
and the equivalent variable denotations. It can be shown analytically, that the 
effect of a proof mass addition is especially predominant for short to medium 
sized beams and decreases substantially with an increasing beam length. 
Apart from simple linear bending determined vibration characteristics, the 
theoretical foundations of nonlinear Duffing oscillations will be discussed in the 
following. For a double-side suspended beam that is excited by a forcing 
function Fˆ with a driving angular frequency Ω the following nonlinear equation 
of motion can be stated [52] 
( ) ( ) ( )b D R ˆ cosm q F q F q F t+ + = Ω   (3.8) 
where q denotes the nodal deflection at a given time t being constrained by wmax. 
The constituting variable w(y,t) is therefore contained in an implicit form. In 
addition to the already discussed contributions a damping term FD has to be 
incorporated as well. This term can be conveniently described by the quality 
factor of the device as will be shown later. However, it is evident that the 
equation of motion features a nonlinear elasticity term. With respect to this, 
Eq. (3.4) can be transformed to 
( ) 2R n(1 )F q cq qε= +  (3.9) 
with the linear elasticity c that is derived from Eq. (3.4) to be 
4 2
3b b 0 b
b b3
b b6 2
Y b bc t t
l l
π π σ
= +  (3.10) 
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and the nonlinearity factor of the Duffing oscillator εn that is found to be 
n
2 20
b b2
b
1
4 4
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t l
Y
ε
σ
π
=
+
 
(3.11) 
The nonlinearity factor will therefore peak for negligible intrinsic stresses as 
being solely determined by the beam thickness. If derived from measurements, 
the nonlinearity factors given in this thesis will be denoted by their numerical 
values only as the units of measurement have to be chosen according to the type 
of nonlinearity. Using this set of constituting equations, the nonlinear vibration 
characteristics of a Duffing oscillator can be calculated by working with an 
energetically equivalent stiffness term cm for any given working point q of the 
deflection [52]. In accordance to Eq. (3.9), the following term results 
( )
2
n
m
3(1 )
4
qc q c ε= +  (3.12) 
With this linearized stiffness, the equation of motion can be easily solved and 
the frequency response can be found by computing the inverse function of the 
amplitude-frequency-dependency first [52]. Figure 3.3 displays a schematic of 
the nonlinear frequency response found for a Duffing oscillator. 
 
Figure 3.3: Characteristic frequency response of a Duffing oscillator with different 
nonlinearity factors under a forced vibration. 
One important parameter that can be derived from the analytical assessment 
given so far is the instability point of the extended nonlinear resonance denoted 
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in Figure 3.3 as fcutoff as it will fundamentally determine the bandwidth that can 
be obtained. More precisely, a Taylor series approximation of the equivalent 
nonlinear stiffness term yields an analytical description for the cutoff frequency 
that is given by [52] 
2
n max
cutoff 0
31
4
wf f ε
 
= + 
 
 (3.13) 
Thereby, a dependency on the linear resonance f0, the nonlinearity factor εn and 
the induced maximum displacement wmax is derived. In addition to this, the 
linear resonance itself can be detected by a measurement in small-signal 
operation as long as the bending regime is still dominant. This will prove useful 
in device characterization and optimization. 
3.2.3 Intrinsic Stresses in Thin-Film Microsystems 
As possible impacts of intrinsic material stresses in micromechanical systems 
have surfaced several times, this section will stretch the full importance of 
inherent stresses upon the characteristic device properties. In general as will be 
shown later on, the effect of intrinsic stresses will become more severe as the 
number of layers that constitute the structure in question increases if the stresses 
are not evenly distributed throughout the layers. Unfortunately, this is elemental 
for a functional multilayer system. However, if the inherent stress levels can be 
substituted into an equivalent homogeneous intrinsic stress σ0, the impact on the 
natural frequency of a double-side suspended beam in forced bending motion 
can be approximately described by [53, 54] 
( ) ( )00 0 0 0
e
1 0f fσσ σ
σ
= − =  (3.14) 
Here, σe denotes the critical stress state that will lead to buckling as a result of 
elastic instability in response to a compressive stress (negative algebraic sign by 
definition). It is given for a double-side suspended rectangular beam by the 
equation of [51] 
2 2
b b
e 2
b3
Y t
l
π
σ = −  (3.15) 
The underlying fundamental natural frequency without the impact of intrinsic 
stresses can in turn be calculated according to Eq. (3.5) or Eq. (3.7). Evidently, 
Fundamentals of Piezoelectric Microgenerators 
 
24 
 
an inherent stress state will not alter the characteristics of cantilever beams 
besides resulting in a bending moment determined deformation for multilayer 
beams. 
For such a multilayer system, the equations given so far have to be adapted to 
reflect the different material and geometrical properties of the existent layers. 
For instance, the bending stiffness term included in the dynamic system 
descriptions have to be adjusted by summation over each individual layer i [55] 
( )( )2b b bi i i i
i
Y I Y I A z z→ + −∑  (3.16) 
Using this approach, the parallel axis theorem is applied to incorporate the 
contribution of each individual layer’s area moment of inertia Ii (equivalent to 
Eq. (3.2)) as well as its cross section Ai and average position zi with respect to 
the position of the neutral layer of the beam zb (i.e. the leverage for bending 
moments). Thus, analytically equating the position of the neutral layer of the 
beam is necessary. A mathematical description can be found for example in [56, 
57]. Correspondingly, the mass per unit length of the beam has to be adjusted as 
well. 
b b i i
i
A Aρ ρ→∑  (3.17) 
This set of equations provides the means to anticipate the theoretically expected 
natural frequencies in multilayer beams with inherent intrinsic stresses. These 
basic models indeed often offer a very accurate system description. 
3.3 Electrode Layout Concepts 
Next to the theoretical description of the device behavior, a similarly important 
question that arises during the design process is the way in which the active 
piezoelectric layer should be contacted. Two basic setups are possible for 
devices that are fabricated in a thin-film layer by layer based approach. 
3.3.1 Top-Bottom-Electrode Design 
The first possibility utilizes an electrically conducting bottom electrode that in 
turn forms the growth template for the piezoelectric layer and fundamentally 
determines the obtained crystallographic orientation. The concluding deposition 
of the top electrode defines the orientation of the electric field to be 
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perpendicular to the beam surface. Compared to this, the induced strains will 
always be in parallel to the length direction of the beam for the outlined device 
setups. Working on platinum bottom electrodes two predominant 
crystallographic orientations of PZT thin-films may be obtained dependent on 
the processing conditions. These are (111)-oriented or (100)-oriented 
crystallites. While in general, (100)-oriented crystallites would be preferable as 
the longest crystallographic direction is oriented in parallel to the induced 
strains, it is refrained from using this setup in this thesis. The reason for this is, 
that along with the crystallographic orientation, the polar axis of the PZT unit 
cells will be oriented in-plane and therefore, using top-bottom-electrodes no 
stable polarization state can be imprinted into the PZT layer. This is rendered a 
necessary prerequisite, though, as a random distribution of dipoles will not result 
in a maximized electrical output. Thus, with reference to (111)-oriented 
crystallites, the piezoelectric activity should be as high as possible in the 
deposited film. Preliminary research has shown, that the e31,eff piezoelectric 
charge coefficient peaks for (111)-oriented crystallites at a zirconate/titanate 
composition of 45/55 at% and not at the morphotropic phase boundary [58]. 
Hence, the denoted PZT composition has been used throughout this thesis. 
3.3.2 Interdigitated Electrode Design 
The second possible setup comprises the deposition of the active layer on top of 
an insulating film that in turn is inert towards a reaction with PZT and enables a 
predominantly textured growth of the PZT layer. As will be disclosed later, 
aluminum oxide (AlOx) has been found to be eligible for this task. After the 
deposition of the active layer, an interdigitated electrode pattern is used to define 
the orientation of the electric field to be largely in parallel towards the beam 
surface. Figure 3.4 (left) presents a close up on an electrode pair with an applied 
electric field during poling while the distribution of the electric flux lines has 
been simulated by a finite element approach. In addition to this, the orientation 
of the induced polarization state and the consecutive inherent deformation is 
schematically depicted for different unit cells. Please note, that the sketched 
polarization is not necessarily possible as the actual polarization state is 
dependent on the orientation of the polar axis inside the PZT unit cells. 
However, PZT layers prepared on aluminum oxide templates exhibit a multitude 
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of different crystallographic orientations. Therefore, the given theoretical 
considerations can mainly provide a statement about the desired crystallographic 
orientations. 
  
Figure 3.4: Polarization state induced by an applied electric poling field implying a 
pre-strained unit cell condition (left) as well as the additional deformation under an 
applied tensile stress with respect to the inscribed polarization state (right) 
As is highlighted in Figure 3.4 (left), the orientation of the theoretically induced 
polarization is shifted along the course of the electric flux lines from one 
electrode to the other. Thus, the major fraction of the intermediate part of the 
PZT film will be poled in the in-plane direction. Consequently, (100)-oriented 
crystallites are highly desirable for maximum piezoelectric activity. Along with 
this preferred orientation goes the fact that no stable polarization state could be 
implemented into the unit cells directly beneath the electrodes. It should be 
noted, that using x-ray diffraction techniques in classical Bragg-Brentano 
geometry, it is not possible to distinguish between (100)- and (010)-oriented 
crystallites for tetragonal unit cells. However, for optimality, one has to ensure 
that the longest crystallographic axis is oriented in the length direction of the 
vibrating beam (i.e. in parallel to the induced strain and the electric flux lines). 
This is a difficult task using classical thin-film deposition techniques and most 
likely, a random distribution of (100)- and (010)-unit cells will be found. 
When subjected to a tensile stress while under operation (Figure 3.4 right), the 
unit cells that are already elongated due to the inscribed polarization will be 
further stretched. Therefore, the existent dipole moment will be periodically 
elongated and relax to the equilibrium state as soon as the tensile stress is 
removed generating a flow of electrical displacement currents. 
Additional guidelines for the design of the interdigitated electrodes to optimize 
the volume fraction protruded by the flux lines in parallel have been stated by 
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Bowen [59]. According to this, using an electrode width similar to the thickness 
of the piezoelectric layer and a spacing larger than four times the thickness of 
the piezoelectric layer will result in a field homogeneity of more than 80%. 
3.4 Damping Effects 
The last section in this chapter will deal will the importance of the damping 
effects inherent to the designed microgenerator. In general, two main sources of 
damping can be defined which can broadly be used to account for the multitude 
of different physical damping mechanisms. 
 
Parasitic damping effects 
The primary damping source for an arbitrary MEMS device are parasitic 
damping effects constituted by the motion of the device itself. With respect to 
this, viscous air damping accounts for the single most important impact factor 
under ambient conditions. Various theoretical descriptions have been applied to 
analytically estimate the effect of viscous air damping of beam resonators but 
the underlying physical mechanisms are intricate as each point of the vibrating 
beam will move at a different velocity [60, 61]. Nevertheless, viscous air 
damping can be almost exclusively averted by vacuum packaging the respective 
device. Thenceforth, squeeze film damping and internal structure damping will 
dominate the damping coefficient of the moving beam. However, squeeze film 
damping can be largely avoided by allowing for a sufficient gap between the 
moving beam and the substrate underneath. Alike to the viscous damping 
component more elaborate theoretical considerations may be found elsewhere 
[5, 54]. 
In general, neither of these damping mechanisms follows a dependency strictly 
proportional to the actual vibration velocity of the device. This assumption 
presents a viable approximation though and will be used in the corresponding 
differential equations of motion. Furthermore, later chapters will primarily focus 
on identifying the total degree of parasitic damping present in the manufactured 
devices without emphasizing the derivation of optimized device geometries. 
Nonetheless, this may result in a tremendous optimization of the generated 
power. With respect to the conducted measurements, open circuit conditions 
have been enforced upon the piezoelectric layer. Hence, the measured damping 
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coefficients are likely to be exclusively determined by the parasitic 
contributions. 
 
Electrical damping effects 
In the case of a piezoelectric microgenerator, an additional damping mechanism 
emerges due to the desired generation of electric power from the mechanical 
motion. The energy transferred to the electrical domain by the piezoelectric 
transducer and further transformed by Joule heating in the load resistor also has 
to be considered damping. Evidently, the amount of transferred power should be 
maximized. However, obviously no perturbation to the underlying mechanical 
vibration should arise from this extraction of energy. Therefore, it has been 
theoretically derived, that the amount of electrically induced damping should be 
equivalent to the amount of energy lost to parasitic damping mechanisms in a 
vibration period [3]. With the amount of actual electrical damping easily 
accessible via the generated power, this can be juxtaposed to the detected level 
of parasitic damping. 
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4 Technology and Experimental Procedures 
In order to bestow structure upon the multitude of different procedures, 
processing routes and process parameters utilized throughout this thesis, this 
chapter will present an overview over the experimental procedures that led to the 
samples and hence the results obtained in the following. Processing evolved 
from (100)-oriented boron-doped 6’’-silicon wafers (CrysTec) with a resistivity 
of 10 Ωcm. Unless otherwise noted, these were wet oxidized at 1050°C to 
exhibit a highly insulating top layer of silicon dioxide with a thickness of 
280 nm or 450 nm and cut into 1’’-pieces. The silicon dioxide thickness used is 
subject to stress compensation considerations and will be specified accordingly. 
4.1 Thin-Film Deposition Techniques 
The thin-films that were prepared during the fabrication of a sample or a 
microsystem-device are characterized in this section with respect to their 
processing parameters and reference to their properties that will be critical for 
the subsequent processing. All layers will be classified into metallization layers, 
adhesion layers to and growth templates for the following piezoelectric films as 
well as the processing of state-of-the-art lead-zirconate-titanate (PZT) thin-films. 
The more specific processing of lead-free piezoelectric films will be referenced 
in the appropriate sections. 
4.1.1 Metallization Layers 
Various different metallization layers have been used in this thesis. While 
platinum electrodes constitute a standard for PZT films and have been 
accordingly evaluated for potassium-sodium-niobate films first, a diverse 
selection of materials has been tested for establishing contact to PVDF films. 
More on the reasons for this will be given later. 
In detail, standard 100 nm thick platinum bottom and top electrodes were 
formed by sputter deposition from a platinum target in a cluster system 
(vonArdenne CS500ES / LA500S). This has been combined with prior standard 
negative lithography processes in the case of top-electrodes. Where this was not 
applicable, as for instance in potassium-sodium-niobate films, top electrodes 
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were defined by electron beam evaporation via shadow masks using the same 
machine if the structure size was beyond a certain limit. In the contrary case of 
interdigitated electrodes on potassium-sodium-niobates the whole surface was 
covered by sputtering a single platinum layer protecting the alkaline niobate 
layer from direct exposure to the developer. Now, standard positive lithography 
processes provided a template for a following selective reactive ion etch of the 
platinum layer. As for the sputter process of platinum layers, processing differed 
with respect to the utilized parameters for bottom and top electrodes. Given that 
platinum films on oxidized silicon wafers possess extremely high intrinsic 
stresses and are prone to hillock formation [62, 63] the bottom electrode has 
been deposited at elevated temperatures. Especially for the case of bottom 
electrodes where hillock formation may provide hot spots for subsequent film 
crystallization, substrate heating may inhibit this demeanor. The utilized process 
parameters are as follows. 
Process 
Substrate 
temperature 
[°C] 
Sputter 
power 
[W] 
Working 
pressure 
[µbar] 
Gas 
flow 
[sccm] 
Deposition 
rate 
[Å/s] 
Bottom-
Platinum 150 200 5.3 30 Ar 12 
Top-
Platinum 25 200 11 55 Ar 12 
 
Table 4.1: Sputter parameters used in the processing of platinum layers. The given 
parameters refer to DC-sputter processing 
The deposition was concluded by an annealing step further on denoted as pre-
annealing. The applied temperature has been adjusted to meet the temperatures 
expected during further processing for bottom electrodes or in the case of top-
electrodes, the previously exerted temperature treatment. By default, a 700°C 
pre-anneal was used that coincides with the temperatures applied during the 
processing of PZT layers. In addition to this, this temperature approximately 
marked the limit that titanium oxide as the standard adhesion promoter can 
endure. At higher temperatures, anatase to rutile phase transformation induced 
stresses will lead to film cracking as crystallization is promoted by the titanium 
oxide-platinum-interface. Therefore, aluminum oxide was employed for samples 
that were subjected to higher annealing temperatures. 
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Besides sputter deposited platinum electrodes, several metals were deposited by 
electron-beam or thermal evaporation. Table 4.2 summarizes the respective 
procedures. 
Metal Platinum Gold Aluminum Silver Copper 
Deposition 
rate [Å/s] 0.5 1 1 0.3 0.3 
Technique E-beam Thermal Thermal E-beam E-beam 
 
Table 4.2: Evaporation-based metallization-layer deposition 
This approach proved useful in cases where structure definition was provided by 
means of shadow mask assisted deposition or where single layers with no more 
than decent roughness values are eligible. Hence, it was mainly applied to the 
top-electrode formation on potassium-sodium-niobate and PVDF films, before 
lithographical patterning had been elaborated. 
4.1.2 Adhesion Layers and Growth Templates 
As shortly addressed so far two important material systems that have been used 
in this thesis comprise titanium oxides and aluminum oxides. These oxides have 
found application not only in promoting adhesion of subsequent metal layers to 
the silicon dioxide surface but are also of great use as a stress compensation 
layer in multilayer beams or an insulating growth template for in-plane 
piezoelectric actuation, respectively. Therefore, the processing will be referred 
to in detail.  
Titanium oxide was produced in a two-step process as outlined in Figure 4.1. 
First, a thin-layer was deposited by sputtering from a titanium target. Second, 
this thin-layer was completely oxidized by transferring the sample to a diffusion 
oven kept at 700°C for 10 min. If a thin adhesion layer was desired, a single run 
with a sputter time of 20 s sufficed. However, as thicker stress compensation 
layers were aimed at, the complete process was broken down into eight 
subsequent runs with a sputter time of 40 s each to ensure thorough oxidation in 
each step. Titanium oxide layers prepared using this procedure exhibited high 
intrinsic stresses as shown in section 4.3. 
Aluminum oxide was fabricated using a different approach as denoted in Figure 
4.2. An aluminum precursor stabilized against unintended crosslinking was 
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dissolved in isopropyl alcohol and adjusted to the desired molar concentration. 
This concentration differed along with the number of coatings that were 
deposited. If aluminum oxide was applied as a high temperature stable adhesion 
layer for platinum electrodes [64], strongly diluted 0.05M coating solutions in a 
single coating were processed. This resulted in a film thickness of about 10 nm 
that was consecutively pyrolysed on a hotplate and slowly heated up to 1000°C 
in a diffusion oven under oxygen atmosphere. On the other hand, if the objective 
was to prepare a growth template for piezoelectric films, a more concentrated 
coating solution of about 0.25M was utilized and the coating and pyrolysis 
procedure was repeated six times. Hence, films with a thickness between 250 
and 300 nm were obtained. These growth templates were found to be clearly 
superior to zirconium oxide and titanium oxide templates used elsewhere [11, 
65-66]. Presumably, aluminum oxide is largely inert towards surface reactions 
with lead-zirconate-titanate films and also potassium-sodium-niobate films. In 
addition to this, the tendency to form cracks upon heat treatment was found to be 
widely suppressed if a supplemental thin titanium oxide adhesion layer was 
deposited prior to coating with aluminum oxide. Interestingly, heat treatment up 
to 1000°C did not prove detrimental to this stack. 
  
Figure 4.1: Process flow for the 
preparation of titanium oxide layers 
using subsequent sputter deposition and 
oxidation processes 
Figure 4.2: Process flow for the 
preparation of aluminum oxide layers 
using chemical solution deposition. 
Densification was performed in oxygen 
atmosphere 
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For stress compensated top-bottom-electrode-stacks an additional material 
system is necessary to imprint compressive stresses into the multilayer stack. 
Silicon nitride has been chosen for this task although processing could not be 
performed according to state-of-the-art procedures. Therefore, reactive sputter 
deposition was found to meet the requirements in accordance to literature reports 
that assessed such prepared layers to be satisfactory [67]. However, it can be 
assumed that the stoichiometry does not fulfill the expected silicon to nitrogen 
ratio. The complete process is schematically depicted in Figure 4.3. Once again, 
the process was broken down into consecutive segments. The procedure 
commenced with reactively sputtering from a silicon target under a nitrogen-
argon-flow. However, plasma cleaning of the target within regular intervals by 
argon ion etching was found to be essential to assure stable processing. This 
sequence was repeated thrice and concluded by a post-anneal under nitrogen 
atmosphere. 
 
Figure 4.3: Process flow for the 
reactive sputter deposition of 
silicon nitride layers using 
subsequent sputter deposition 
and target cleaning steps. Post-
annealing was conducted in a 
nitrogen atmosphere directly 
after the deposition process 
terminated 
Finally, the detailed sputter parameters for the deposition of titanium and silicon 
nitride layers will be given. 
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Process 
Substrate 
temperature 
[°C] 
Sputter 
power 
[W] 
Working 
pressure 
[µbar] 
Gas 
flow 
[sccm] 
Deposition 
rate 
[Å/s] 
Titanium 
films 25 200 5.3 30 Ar 5 
Silicon 
nitride films 25 300 4 
40 Ar 
40 N2 
0.7 
 
Table 4.3: Sputter parameters used in the processing of titanium and silicon nitride 
layers. Titanium films were prepared by DC-sputtering whereas silicon nitride was 
fabricated by RF-sputtering 
4.1.3 Chemical Solution Deposition of PZT Thin-Films 
Thin-films of lead-zirconate-titanate found entry into this thesis mainly as a 
state-of-the-art piezoelectric material whose performance and integration into 
silicon-based microsystems is common knowledge [31, 68]. Especially its strong 
piezoelectric activity and the compliance with diverse etching processes and 
changing stress states is an important feature of this material system that makes 
it excel in a preliminary assessment of piezoelectric microgenerators. Lead-
zirconate-titanate layers were prepared by chemical solution deposition. The 
appropriate precursor solutions were fabricated according to a modification of 
the “EGMBE”-route originally disclosed elsewhere [69] and modified as well as 
characterized in a comparative overview in literature [70]. The utilized films 
possessed a composition of 45 at% zirconium and 55 at% titanium along with a 
lead excess of 15 at%. This composition has been chosen as denoted with 
respect to a strong remanent effective piezoelectric charge constant without 
engaging in a material-composition-based optimization approach. Using this 
precursor solution, thin-films were prepared as depicted in Figure 4.4. Each 
single layer possessed a thickness of about 45 nm and crystallization was 
performed after three subsequent layers were deposited to result in a strong 
(111) orientation [71-74]. 
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Figure 4.4: Process flow for the chemical solution deposition of lead-zirconate-
titanate films. Crystallization was enabled in oxygen atmosphere using rapid thermal 
annealing 
The total thickness of the prepared lead-zirconate-titanate layers was fixed to be 
about 280 nm. While this definitely presents a lower limit for the desired 
application of vibration-based energy harvesting devices, altogether different 
processing routes should be applied when a different thickness regime is 
targeted. This is postponed towards future research, though. 
4.2 Pattern Transfer Processes 
In order to fabricate the microsystem devices presented in the following chapters 
various patterning steps have been applied to the multilayer stacks. These steps 
mainly comprise standard contact lithography and subsequent reactive ion 
etching to frame the designed structures.  
4.2.1 Lithography 
All lithography processes were conducted in a standard clean room. Exposure 
has been performed using SUSS Microtech MA6 contact lithography with a 
mercury lamp that features a radiation peak at 365 nm (i-line). The emitted 
intensity was measured to be 5 mW/cm2 transferring a specific radiant energy 
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determined by the exposure time. The following table (Table 4.4) summarizes 
the process parameters of the utilized lithography processes. 
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Resist [µm] [rpm] [min] [s] [min] [s] [s] 
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e 
AZ 5214E 1.4 4000 5@90°C 4.5 2@115°C 14.5 35 
AZ 5214E 3 1000 7@90°C 12.5 2@115°C 30 45 
nLof 2070 8 2500 5@20°C5@90°C 45 1@110°C - 55 
po
si
tiv
e AZ 5214E 1.4 4000 5@90°C 7 - - 40 
AZ 5214E 3 1000 7@90°C 16 - - 60 
AZ 4562 6.8 4000 7@90°C 40 - - 90 
 
Table 4.4: Lithography parameters used in the processing of the different 
photoresists in this thesis 
How these resist layers were applied for etch protection will be discussed below 
along with the respective ion etching processes for each device procedure. 
4.2.2 SU-8 Proof Mass Deposition 
One critical step for the processing of high aspect ratio microsystem structures 
involves the deposition of SU-8 structures. These were used as an integral part 
of the proof mass, i.e. the upper part as will be shown later and as an etch mask 
during deep silicon etching. Pivotal points in the processing and integration of 
SU-8 structures into the process flow include the adhesion to the substrate or 
underlying layer itself as well as the introduced mechanical stresses of the SU-8 
layer which can detach already deposited underlying layers. The following 
procedure was devised including thorough drying steps (Figure 4.5a).  
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Figure 4.5: Processing route for SU-8 films and patterns (Figure 4.5a) as well as a 
scanning electron microscopy picture exemplarily depicting a SU-8 proof mass 
deposited on top of a bridge type structure before device release (Figure 4.5b) 
With regard to this, soft bake times were extensively prolonged as stiction to the 
mask presented a regular challenge. Slow heating and cooling rates are of 
special importance to avoid film cracking and delamination from the substrate. 
Figure 4.5b displays a completely structured functional stack with interdigitated 
top electrodes after an SU-8 proof mass has been deposited in the middle of the 
beam directly before the final device release. 
4.2.3 Etching Techniques 
4.2.3.1 Reactive Ion Etching 
Reactive ion etching processes have been used for structuring and releasing the 
designed microsystems. Surface micromachining was conducted using 
Roth & Rau Microsys equipment with an electron cyclotron resonance 
microwave coupled plasma source and wafer backside cooling. An additional 
RF electric field is used to direct the reactive ions towards the wafer. Different 
etching agents are utilized depending on the layer in question. Regarding this, 
only platinum and titanium oxide layers were etched by exclusively physical 
impact (i.e. argon ions). Other films rely heavily on chemically induced etching 
by the reactive ions. Table 4.5 presents an overview over the etching parameters 
applied to the processing of the different functional layers. 
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Layer [°C] [W] [W] [V] [µbar] [sccm] [nm / min] 
Platinum -5 450 30 150 5 35 Ar 8 
PZT -5 800 60 260 5 12 Ar 38 CF4 
20 
TiO2 -5 450 30 150 5 35 Ar 10 
SiO2 -5 920 45 260 5 
25 CHF3 
25 CF4 
60 
AlOx -5 800 60 260 5 
12 Ar 
38 CF4 
25 
SiNx -5 920 45 260 5 
25 CHF3 
25 CF4 
130 
Isotropic Si 40 870 10 30 10 5 O2 70 SF6 
250 
Organic 
residues 20 - 30 140 165 100 O2 - 
 
Table 4.5: Parameters used in the reactive ion etching processes applied throughout 
this thesis. Ion etching was performed using a microwave coupled plasma source 
Processes that capitalize on a strong anisotropic component were driven while 
concurrently cooling the substrate. This mainly refers to the primary formation 
of the functional stack while the device release was performed by isotropic 
under-etching of the silicon beneath the beam or bridge structure for basic 
devices. The more elaborate common proof mass devices were released by 
completely removing the bulk portion of the silicon wafer in between and 
beneath the suspending beams. More on this will be given below. 
4.2.3.2 Deep Silicon Etching 
One vital point for the fabrication of heavy proof mass structures is the usage of 
the complete wafer thickness as the lower part of the proof mass. To accomplish 
this, the silicon wafer has to be micromachined down to a membrane (about 
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100 µm) sparing all parts that constitute the proof mass to enable device release 
in a later step. All etching steps have to be performed by ion etching instead of 
wet etching processes as the pattern that has to be imprinted may be of an 
arbitrary shape and thus, different crystalline directions prohibit the use of 
anisotropic wet etching agents like KOH or TMAH. The process that was found 
to satisfy the requirements was derived from the isotropic silicon etching process 
and is based on a SF6-plasma. In order to ensure highly anisotropic etch 
characteristics a series of adaptations proved essential. The most important 
comprise a further decrease of substrate temperatures, a low working pressure 
constituted by an optimal gas composition and vacuum pump setting as well as a 
strong RF bias. Sidewall-passivation has been ensured by adding an optimized 
amount of oxygen into the gas flow with respect to the etch rate. A complete 
overview of the utilized parameters is given in Table 4.6. 
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Layer [°C] [W] [W] [V] [µbar] [sccm] [nm / min] 
Anisotropic Si -30 800 320 530 5 5 O2 50 SF6 
930 
 
Table 4.6: Parameters used in the deep reactive ion etching of silicon on Roth & Rau 
Microsys equipment 
As the stated process is highly aggressive towards any other material a thick 
SU-8 layer similarly processed to the described proof masses has been used for 
etch protection. However, adhesion of SU-8 to a silicon dioxide surface 
especially for temperatures down to -30°C proved challenging. Thus, processing 
commenced at the backside of a silicon wafer with SU-8 deposition and deep 
silicon etching followed by oxidation and further deposition of the functional 
stack on the front-side before the final patterning steps were applied. The 
fabrication process is terminated by the device release in which the remaining 
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100 µm of the wafer thickness are removed from the backside. This is again 
done using the described deep silicon etching process. Figure 4.6 illustrates the 
found etch characteristics that evidently result in a sufficient degree of 
anisotropy. 
  
Figure 4.6: Cross-section scanning electron microscopy images of the etch 
characteristics of the developed deep silicon etching process that is used to define the 
future silicon proof mass from the backside of the wafer 
These cylindrical profiles established the silicon proof mass of common proof 
mass devices in dihedral symmetry. Those of a chiral form possess a more 
intricate shape resembling the patterns shown in chapter 5. 
4.3 MEMS Fabrication Procedures 
The basic processing steps given so far were now used to fabricate functional 
piezoelectric devices in three different fabrication procedures. These are 
described in detail below. 
 
Fabrication procedure A 
The most simple way to obtain a piezoelectric microsystem is to define a top-
bottom-electrode stack with a piezoelectric layer in between. This approach is 
feasible and especially suitable if the inherent intrinsic stress levels do not have 
to be balanced as in the case of common proof mass devices. The layer structure 
stated in Table 4.7 is graphically illustrated in a cross section image in Figure 
4.7a. All single layers were prepared as denoted above. 
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Figure 4.7: Cross-section scanning electron microscopy images of the layer sequence 
(Figure 4.7a) used in the fabrication procedure A along with a schematic of the device 
release process (Figure 4.7b) 
Further on, Figure 4.7b schematically displays the patterning applied during the 
fabrication of bridge type devices. The individual layers were structured using 
the lithography and etching steps given above starting with an AZ 4562 etch 
mask to define the top-electrode / PZT stack. After this, an nLof 2070 mask is 
used to outline the etch pits and arrive at the silicon surface. A final highly 
selective isotropic silicon etch step is used to release the respective devices. 
Layer SiO2 TiO2 
Bottom-
platinum PZT 
Top-
platinum 
Thickness 
[nm] 450 15 100 280 100 
 
Table 4.7: Individual thicknesses of the layer structure of the fabrication procedure A 
An analogous process has been applied to the fabrication of common proof mass 
devices where essentially only the release step has been exchanged as described 
in detail above. 
 
Fabrication procedure B 
The second device fabrication procedure has been especially optimized to 
process stress compensated thin-film multilayer stacks. This is highly relevant as 
soon as spiral beam type or single-side suspended devices as cantilevers are 
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aimed at. With respect to this, the intrinsic stress levels present in the different 
material systems have been measured using the impact of layer stresses on the 
flexural deformation of the substrate. Substrate bending was accurately detected 
by a Dektak 8 stylus profiler and the included Veeco instruments software was 
used for the derivation of the stress levels based on Stoney’s equation. Table 4.8 
presents a listing of the observed intrinsic stress levels. 
Layer SiO2 TiO2 
Bottom-
Pt PZT 
Top-
Pt SiNx AlOx 
Investigated 
thickness 
[nm] 
450 150 100 140 100 210 300 
Assumed 
Young’s 
modulus 
[GPa] 
60 200 170 40 170 100 250 
Average 
intrinsic 
stress [MPa] 
6 2139 729 87 825 -639 492 
 
Table 4.8: Intrinsic layer stresses as determined by measuring the flexural substrate 
deformation under a newly deposited layer using Dektak 8 (Veeco). Stresses have 
been consecutively calculated by applying Stoney’s equation 
This information was now used to devise a stack in which the stress induced 
bending moments are balanced after device release. Regarding this, especially 
the high tensile stress level of the platinum layers together with a high leverage 
due to the maximum distance from the symmetry axis leads to a pronounced curl 
of the released structures. Hence, a silicon nitride layer was introduced 
approximately above the estimated position of the symmetry axis inserting an 
additional compressive stress state to counteract the impact of the platinum 
layers. In addition to this, a comparably thick titanium oxide layer that was 
found to exhibit tremendous tensile stress levels was placed below the symmetry 
axis resulting in a balanced bending moment distribution. Table 4.9 states the 
stack composition that has been found to produce the best results even though 
other solutions to the problem are possible. 
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Layer SiO2 TiO2 SiNx TiO2 
Bottom-
platinum PZT 
Top-
platinum 
Thickness 
[nm] 450 210 210 15 50 280 25 
 
Table 4.9: Individual thicknesses of the layer structure for the fabrication 
procedure B 
The initial position of the symmetry axis was approximated according to 
literature reports [56, 57]. Figure 4.8a presents a graphical representation of the 
stress compensation approach using the balancing of induced bending moments. 
The corresponding actual devices in the form of cantilever beams of different 
lengths are shown in Figure 4.8b highlighting the success of the procedure. 
  
Figure 4.8: Graphical representation of the bending induced by intrinsic stresses (in 
black before release and white after release) (Figure 4.8a) and the proof of concept of 
the developed stress compensated stack resulting from fabrication procedure B 
(Figure 4.8b) 
It should be noted that due to the complex nature of bending moment 
equilibration the outlined process is highly dependent on the actual stack with 
respect to film thicknesses and intrinsic stresses which may fluctuate 
uncontrollably to some extent as a result of process deviations. 
 
Fabrication procedure C 
A third fabrication procedure will be specified for the processing of 
interdigitated electrode devices. Therefore, the active stack comprised a slightly 
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different assembly that is stated in Table 4.10 as well as shown in a cross section 
microscopy in Figure 4.9a.  
Layer SiO2 TiO2 AlOx PZT 
Top-
platinum 
Thickness [nm] 200 15 300 280 100 
 
Table 4.10: Individual thicknesses of the resultant layer structure of the fabrication 
procedure C 
Due to the absence of a complete surface coverage of the top platinum electrode 
stress induced beam curvatures in length-direction are negligible. However, now 
an inward curl as displayed in Figure 4.9b occurs between the two parallel 
platinum contact feeds. 
  
Figure 4.9: Cross-section microscopy image of the layer sequence used in the 
fabrication procedure C (Figure 4.9a) for the processing of interdigitated electrode 
devices along with an image highlighting the curl occurring in the respective released 
devices if not constrained at the tip (Figure 4.9b) 
Along with the brittle nature of aluminum oxide this inward curl results in 
serious device problems. As illustrated in Figure 4.10a, crack formation occurs 
at the suspension in response to the devise release. This behavior was mitigated 
in this thesis by the definition of a prescribed curvature at the edge of the beam 
suspension Figure 4.10b. 
MEMS Fabrication Procedures 
 
45 
 
  
Figure 4.10: Crack formation at the joining of beam and suspension after device 
release without a curvature at the suspension (Figure 4.10a) and with a defined 
radius of 50 µm towards the suspension (Figure 4.10b) 
Finite element simulations (Figure 4.11) demonstrated further, that the radius of 
curvature can be adjusted to decrease the level of immanent static material 
stressing by as much as 20%. However, in experimental devices, a radius of 
curvature of 25 µm proved sufficient to reliably inhibit crack formation upon 
release. Nevertheless, a radius of curvature of 50 µm has been implemented in 
the respective devices. 
 
 
Figure 4.11: Finite element simulated 
dependency of the maximum stress state 
at the beam suspension on the radius of 
curvature at the suspension 
Figure 4.12: Geometrical characteristics 
of the prepared interdigitated electrodes 
as henceforth referred to 
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Finally, Figure 4.12 identifies the constituting geometry parameters of 
interdigitated electrodes that allow an approximate formulation of the capacitor 
area. More precisely, the following equation has been used in this thesis to 
approximate the active area of an interdigitated capacitor setup. 
t E E t E E( 1)A t l N t k N= − +  (4.1) 
Here, lE denotes the overlapping length of two adjacent fingers of different 
polarity, kE the distance between two fingers of the same polarity, NE the number 
of finger pairs each constituting single capacitors and tt the thickness of the 
piezoelectric layer. A prerequisite for this equation to remain valid is that the 
electric field is exclusively guided through the piezoelectric layer. While this is 
dependent on a series of factors like the material permittivities it has been found 
to be valid for PZT layers of thicknesses equal to or greater than 280 nm. 
4.4 Synthesis Routes for Alkaline Niobate Thin-Films 
The last section of this chapter will provide a detailed description of how the 
precursor synthesis for alkaline niobate thin-films has been performed. 
4.4.1 Precursor Synthesis 
Chemical synthesis has been conducted under dry argon atmosphere using 
Schlenk techniques and storage of the respective chemicals took place in a 
glovebox under dry nitrogen atmosphere, respectively. As a basic principle, all 
precursor solutions applied to the study of phase formation were prepared using 
ethanol as the solvent in order to suppress unintended alcoholic exchange 
reactions. Deviations from this rule are specifically denoted. Ethanol along with 
any other solvent used in the processing of the precursor solutions has been 
previously dried by the addition of metallic sodium, modification and 
subsequent distillation as is illustrated in Figure 4.13. The precursors to the 
metal alkoxides have been prepared as follows. 
Potassium ethoxide [KOEt] and sodium ethoxide [NaOEt] precursors have been 
prepared by melting the ultra-pure metals out of commercially obtainable vials 
(Sigma Aldrich purity 99.95%) under agitation in an inert solvent, namely n-
heptane. It should be noted that the vicinity of the boiling point of n-heptane and 
the melting point of sodium is practically challenging. The n-heptane used in the 
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synthesis of the alkaline ethoxides was dried with metallic sodium and 
benzophenone as an indicator. Afterwards, the empty vial was removed and an 
excess of ethanol was added to form the metal alkoxide. This procedure was 
followed by a concluding threefold vacuum distillation and redissolution in 
ethanol to eliminate any residues of n-heptane achieving a very high degree of 
purity for the alkaline ethoxide precursors. A final filtration step may be applied 
as well. The whole procedure is graphically summarized in Figure 4.14. For 
comparison, commercially available alkaline ethoxides (Alfa Aesar, about 96% 
purity) have been utilized as well. 
  
Figure 4.13: Synthesis procedure for the 
drying of solvents utilized in this thesis 
Figure 4.14: Synthesis procedure applied 
to the processing of alkaline ethoxide 
precursors 
Niobium pentaethoxide [Nb(OEt)5] has been synthesized following known 
procedures based on the original recipe by Bradley [75] and schematically 
described in Figure 4.15. Niobium chloride is hereby dissolved in toluene and 
reacted with ethanol. The addition of ammonia is used to shift the chemical 
equilibrium towards the formation of niobium pentaethoxide. A subsequent 
filtration step is used to remove solid residues of ammonium chloride and in 
addition to this, the solvent is removed by distillation. The whole procedure is 
concluded by the more elaborate distillation of the niobium pentaethoxide itself 
to obtain a high quality and non-crosslinked niobium source precursor. 
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Figure 4.15: Synthesis procedure for the preparation of niobium pentaethoxide 
precursors (left) along with an image of the precipitation reaction of residual chlorine 
by the injection of ammonia (right) 
Specific precursors have been further modified by adding acetylacetone or other 
additives as noted in detail below. All stock solutions prepared have been 
adjusted to a final concentration of about 0.1 mol/l. 
4.4.2 Thin-Film Preparation Procedures 
All standard samples presented later were prepared on (111)-oriented platinum 
bottom electrodes with a titanium oxide or aluminum oxide adhesion layer on 
oxidized silicon wafers as outlined. If not otherwise noted a pre-anneal at 700°C 
has been performed for every substrate. Samples subjected to a temperature 
treatment above 750°C were prepared using the aluminum oxide adhesion layer 
to avoid stress-induced cracking. 
In order to obtain niobium oxide thin-films, niobium pentaethoxide has been 
dissolved in the appropriate solvent followed by an optional chemical 
modification step. Freshly-made precursor solutions were now spin coated under 
standard clean room atmospheric conditions at a rate of 500 rpm for 5 s and a 
subsequent 3000 rpm for 30 s. Unless otherwise specified the wet films were 
dried on a hotplate at a temperature of 150°C for 2 min and pyrolyzed at 300°C 
for another 2 min followed by an annealing step using rapid thermal annealing in 
oxygen atmosphere at 650°C for 5 min. These steps were repeated until a film 
thickness of about 150 nm has been achieved. Subsequently, platinum top 
electrodes were sputter deposited using standard lithography and lift-off 
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processes. After top electrode deposition all samples were exposed to a 5 min 
final post-annealing step at 650°C using AST 100 rapid thermal annealing 
equipment. 
For alkaline niobate films two similar procedures have been applied. Synthesis 
procedure A as displayed in Figure 4.16 is characterized by the dissolution of the 
alkaline and niobium species into a single solution. A necessary condition for 
this route is that anhydrous alkaline salts are employed. Different solvents have 
been applied as specified individually for each experiment. If a stabilization of 
the niobium component using acetylacetone is desired this has to be done before 
the alkaline component is admixed. Further precursor processing steps involve a 
reflux of the solution or a chemical modification. The impact of these steps will 
be discussed as a part of the results. In contrast to this approach, synthesis 
procedure B as given in Figure 4.17 relies on alkaline acetates which dissolve 
easily in acetic acid and may contain crystal water. Therefore, acetic anhydride 
is used to absorb trace water. Naturally, the niobium component has to be 
prepared in a separate solution to prevent precipitation. Both precursor parts are 
now combined into a single coating solution. 
  
Figure 4.16: Synthesis procedure A for 
alkaline niobate precursor solutions. 
Utilized alkaline precursors involve 
alkaline ethoxides and alkaline 
acetylacetonates. Whether optional steps 
were incorporated will be denoted in line 
with the respective experiments 
Figure 4.17: Synthesis procedure B for 
alkaline niobate precursors. Alkaline 
acetates were separately processed and 
dehydrated with acetic anhydride prior 
to admixing to the niobium component 
Technology and Experimental Procedures 
 
50 
 
Which one of the presented precursor synthesis routes has been chosen for 
which experiment will be specifically denoted next to the corresponding results 
along with any possible modification as this largely determines the chemical 
behavior of the alkaline niobate system. The same holds true for the chosen 
processing steps (e.g. temperature treatments) that led to the alkaline niobate 
thin-films. 
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5 Design and Fabrication of Piezoelectric 
Microgenerators 
5.1 Microsystem Design Concepts 
5.1.1 Spiral Beam Design 
The first structural challenge in the design and layout of a piezoelectric 
microgenerator is the fact that systems with micron-sized dimensions usually 
resonate in an elevated frequency range due to the inherent microscopic size. 
Two possible ways to mend this problem are represented by the given design 
concepts. One of these is the perpetual increase of the geometric dimensions (i.e. 
primarily the length) until the system exhibits the targeted resonance frequency. 
Under the constraints of a specific device area no linear extrapolation of the 
device length is permitted, though. However, it may be bent into a spiral shape 
with or without a center of inversion. An optional proof mass may be located at 
the center of the spiral beam. Figure 5.1 illustrates both geometries and denotes 
the most important geometrical design variables. 
  
Figure 5.1: Finite element simulation of a single-side (Figure 5.1a) and double-side 
(Figure 5.1b) supported spiral beam with a thickness of 3 µm at a prescribed static 
tip displacement of 50 µm. Surface shading indicates the induced strain energy 
density distribution with a maximum strain level not exceeding 1‰ 
It can be seen, that in a simple upward bending of the spiral beam tip, equivalent 
to first order harmonic motion, both spiral beam types feature characteristic 
strain energy distributions. As expected for beam type devices the induced strain 
level peaks next to the suspension of the spiral beams. The generated strain is 
therefore far from being homogeneously distributed over the functional area of 
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the device. One methodology to alleviate this would be an accurately tailored 
change in cross-section area along the beam path, a tapered bar [76, 77]. While 
this work-around is utilized in simple beams it seems to be not feasible for the 
extraordinarily long spiral devices, especially, if a centered proof mass has to be 
attached as well. Therefore, for any given resonance amplitude, the maximum 
loading will have to be beared by the suspension. Material failure in response to 
the exerted stresses is apparent even if the virtually unused fraction of the device 
area is still predominant. This represents a serious drawback of spiral beam type 
devices. Nevertheless, obtaining a low natural frequency is possible as has been 
shown by finite element simulations. Without a proof mass, certain 
combinations, consisting of beam width and beam gap values of about 50 µm in 
combination with a number of about 5 to 6 turns will provide natural device 
frequencies on the order of 100 Hz as well as huge edge lengths. With regard to 
this, the adaptation of the device natural frequency to fluctuating input vibration 
can also be secured by applying an electric dc-bias to the inherent piezoelectric 
layer. Due to the low bending stiffness of the spiral beam, a huge structural 
deformation will be induced. This will in turn lead to a strong shift in natural 
frequency providing a mechanism to consecutively control the device resonance. 
However, further active elements (i.e. feedback controls) would be necessary, 
rendering the devised solution problematic. Further trouble arises as soon as a 
spiral beam is fabricated in multilayer thin-film form. Intrinsic stress levels 
caused by different thermal expansion of the involved layers will result in a 
torsional beam deformation. Great care has to be taken to balance the 
thicknesses and the intrinsic stress levels of the integrated films with respect to 
the initial neutral axis (symmetry plane). One successful and one failed attempt 
are presented in Figure 5.2. It should be noted, that the propensity to be highly 
compliant to intrinsic mechanical stresses will be significantly more pronounced 
when resorting to the corresponding double-side supported spiral beams. Hence, 
the correct processing of spiral beam type devices is extraordinarily tedious and 
simple changes in the design like the increase of particular layer thicknesses 
cannot easily be accommodated into the process flow. 
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Figure 5.2: Scanning electron microscopy images of fabricated multilayer spiral 
beam devices highlighting the importance of a successful balancing of intrinsic stress 
levels. Both devices have been processed in a top-bottom-geometry. The layer 
sequence used in the preparation of the device in Figure 5.2a follows procedure B 
Altogether, out of the presented theoretical considerations as well as the 
experienced practical challenges, a spiral beam design was found to be not 
suitable for the desired application. 
5.1.2 Common Proof Mass Design 
Beside the elongation of the geometrical beam dimensions, a second possibility 
to decrease the device resonance frequency exists in the excessive upscaling of 
the device mass. As the spatial dimension should not be unduly prolonged the 
proof mass height and density are the single most important parameters. 
However, in a microfabricated device certain design constraints apply with 
respect to the aspect ratio of the defined structures. Prior to simulations and 
device fabrication it is therefore not assured, that the target resonance frequency 
regime can be met. The easiest and structurally soundest approach to the 
realization of a heavy proof mass design is a central proof mass suspended by a 
certain number of circumjacent beams. While excited by a base displacement the 
proof mass can now move in an upward-downward motion and symmetry 
conditions prevent the occurrence of higher order vibrations. This design and its 
inherent advantages have primarily been suggested by Prof. Kim’s groups at 
MIT [13, 78]. The single most intriguing characteristic of the presented design is 
the fact that for comparatively low vibration amplitudes the typical small signal 
bending loading is replaced by a homogeneous stretching of the suspending 
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beams. Along with this change in mechanical loading goes a nonlinear restoring 
force characteristic for the Duffing oscillator as outlined in the theoretical 
section. This will in turn lead to nonlinear vibration properties that when 
properly designed can sustain the resonance over a huge frequency band. Figure 
5.3 shows a simulation of the common proof mass design at a prescribed 
displacement. Due to its rotational symmetry only one section of the device has 
been simulated. The layer structure of the device as well as the physical 
properties of the layers follow the device procedure A denoted in chapter 4. 
  
Figure 5.3: Simulated vibration induced displacement of a common proof mass 
design in dihedral symmetry (Figure 5.3a) as well as the corresponding actual strain 
distribution under a prescribed tip displacement of 5 µm obviously indicating the 
onset of stretching determined behavior (Figure 5.3b). The maximum strain level is 
about 2.5‰ occurring in the SU-8 proof mass due to intrinsic stresses whereas the 
strain induced in the suspensions is due to the motion of the device 
In this simulation and in the respective fabricated devices, the proof mass 
comprises an upper part consisting of SU-8 photoresist and a lower part 
consisting of single crystalline silicon shaped from the wafer substrate. The 
exact longitudinal dimensions of the different proof mass parts are denoted 
elsewhere but evidently they are constrained by the utilized processing. The 
same holds true for the density of the employed materials which cannot easily be 
substituted in this height regime especially as material induced stresses will be 
shown to have a profound impact on the mechanical vibration characteristics. 
For instance, the replacement of the SU-8 proof mass by LIGA fabricated 
copper would significantly change the obtained device characteristics although it 
is clearly desirable due to an enhanced proof mass density. The impact of initial 
stresses is also visible in the inherent deformation of the SU-8 proof mass 
whereas the silicon part of the proof mass remains unstrained. 
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Nonlinear vibration simulations were now performed by Comsol Multiphysics to 
monitor the frequency response of the outlined device design. Figure 5.4 
illustrates the dependency found for the device specified above. 
 
Figure 5.4: Simulated frequency response of the common proof mass design given in 
Figure 5.3. A wideband resonance is evident spanning from about 1125 Hz to 
1210 Hz. Simulation parameters: Damping constant of the nonlinear spooles solver 
0.2, amplification factor for high frequencies 0.3 and a base displacement of 100 nm. 
Rayleigh damping model has been included with an elasticity based damping 
parameter βR = 5.363e-7 s-1 
Apparently, the simulative assessment shows that the resonance level of the 
device does not comply with the target frequency range of about 150 Hz. That 
this is indeed the case will be shown for the respective fabricated devices in the 
experimental section at the end of this chapter. Further investigations will 
disclose that the material inherent stress levels strongly contribute to the 
achievable resonance frequency. Therefore, the present common proof mass 
design which is of dihedral symmetry will be extended to possess a chiral form. 
This measure will prove successful to approach the desired resonance 
frequencies. 
One last aspect that should be noted in this context is the exact way the 
nonlinear finite element simulations were performed. At first, a static deflection 
due to the gravitational force of the proof mass has been included in the 
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simulation to provide a starting point for the dynamic evaluation. Then, a 
transient simulation was conducted where a forcing prescribed displacement 
ensures a certain base displacement with a defined frequency. The frequency of 
the acting forcing displacement is now varied over the transient simulation time. 
Figure 5.5 displays a graphical representation. Each time step is adjusted to 
accommodate 60 vibration periods of the respective frequency step. This number 
of consecutive vibrations has been found to be sufficient to allow for a steady 
state of vibration with reasonable amplitudes before switching to a new 
frequency. Due to the increasing frequencies the simulation time stepping will 
become shorter as the simulation advances. Frequency steps of 25 Hz have been 
implemented into the simulation. 
  
Figure 5.5: Stepping function of the frequency variation utilized in the nonlinear 
transient finite element simulation (left). Special attention must be paid to the fact 
that the phase is continuous during a change in frequency (right). Due to the moving 
mass this constraint is implicitly fulfilled in real systems but has to be enforced in 
simulation 
One point that has to be assured is that no phase shift occurs during a change of 
frequency. Otherwise, a pronounced disturbance of the harmonic motion arises 
that seriously affects the nonlinear phase stability and in turn the resonance 
cutoff frequency. This condition is implicitly met in real physical systems. 
In summary, a common proof mass design represents a viable option to obtain 
low natural frequencies that inherently adapt to fluctuating input vibrations and 
in addition to this also provide a homogeneous strain distribution in the 
suspending beams. The devised design will therefore be further investigated in 
the experimental section. However, it should be noted that one inherent 
challenge of the common proof mass approach is the low areal fill factor as only 
the suspending beams will be mechanically deformed during vibration. A trade-
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off that may be tantalizing is an increase of the number of circumjacent beams 
although this will evidently increase the stiffness of the device which in turn will 
result in elevated natural frequencies. 
5.2 A Network Model for Piezoelectric 
Microgenerators 
In the previous chapters it has been presented, that the design and layout of a 
vibration-based piezoelectric microgenerator is a highly interconnected task 
where mechanical microsystem design, electrical circuit layout and material 
system optimization approaches are closely entwined. In order to manage this 
complexity, a simplified but still accurate model of the system in question may 
present valuable design guidelines for a multitude of system parameters. 
Especially characteristics, whose impact on system performance is not easily 
accessible by measurement and where the complete setup of a finite element 
solution would result in an excessive degree of detail are suitable for an 
analytical assessment. In particular, the effect of material parameters and 
electrical loading conditions may be conveniently evaluated using a dynamic 
system simulation software like Matlab Simulink. However, as an input to the 
simulation, a complete differential description of the dynamic system as well as 
the desired network layout has to be provided. The respective analytical model 
for a simple piezoelectric microgenerator will be described in the following 
sections and is strongly influenced by the mathematical system equations 
presented by Nakano [79]. In this work, several of the made assumptions 
implicitly presumed by Nakano will be subject to scrutiny and a network 
simulation will be derived that is able to extend the basic model to nonlinear 
loads. Regarding this, it has to be assured that the underlying model assumptions 
remain valid. 
5.2.1 Differential System Description 
A complete physical representation of a piezoelectric microgenerator comprises 
the definition of three interconnected subsystems. These are the mechanical 
domain, the electrical domain and the transducer between these two. Under 
certain conditions as will be referred to later on, each subsystem may be 
described using standard network theory as a two-port network with the 
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corresponding mechanical or electrical effort and flow variables [80, 81]. A 
graphical representation is given in Figure 5.6. Accounting for feedback 
coupling between the electrical and mechanical quantities as well as for the 
impact of the mechanical structure and the electrical loading itself, the top-level 
system description displayed in Figure 5.7 may be inferred. 
  
Figure 5.6: Classical two-port network Figure 5.7: Top-level representation 
For the particular case of a mechanical and an electrical domain, one possibility 
to define the effort and flow variables is given in Table 4. and all following 
differential equations will be deduced for this set of state variables. 
 Efforts e1, e2 
Flows 
f1, f2 
Electrical Voltage (V) Current (I) 
Mechanical Force (F) Velocity (u) 
 
Table 5.1: Electrical and mechanical effort and flow variables 
Considering a simple bridge-type piezoelectric microgenerator, schematically 
depicted in Figure 5.8, the mechanical domain relates the vibration induced 
spatially applied force to the resulting deformation velocity distribution in the 
structure. Respectively, the electric potential generated by the deformed 
transducer is coupled into the electrical domain driving a current through the 
attached circuitry.  
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Figure 5.8: Schematic of a double-side supported beam-type piezoelectric 
microgenerator 
Each subsystem can now be represented by a set of differential equations. These 
will be deduced in the following sections and are linked to each other by the 
corresponding effort and flow variables. If necessary, variables will be indexed 
in the following by a t for the transducer, b for the beam, L for the load as well 
as e for electrical and m for mechanical when referring to the respective 
domains. 
 
Mechanical domain 
For the sake of simplicity, one of the few basic mechanical systems - a double 
side supported beam with an attached piezoelectric film in bending motion - has 
been chosen, where the dynamic response may be analytically described in a 
simple form. A complete and comparatively simple analytical solution to the 
system in question has been provided by Nakano as mentioned. Apart from this, 
a higher degree of detail can be easily obtained by implementing the extensive 
electro-mechanical piezoelectric beam analogies given by Cho [82]. However, 
for an initial assessment, this does not seem to be essential. Within the scope of 
this analysis, it is more important that the beam deflection and force distribution 
in the mechanical structure can be referred to using electromechanical analogies 
in the force-voltage representation. The corresponding mechanical compliance, 
inertia and damping behavior of the beam may thus be deduced in lumped-
parameter form from the beam geometry if under natural frequency harmonic 
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excitation by a force. This case is equivalent to the single frequency where a 
base displacement is converted via a specific transfer function into a force acting 
upon an arbitrary point on the beam.  
The first undamped free natural angular frequency of a double side supported 
beam is to the first order only dependent on the beam properties and given 
by [50] 
2
2 b b
m0
b12
Y tkω
ρ
=  (5.1) 
Where b/k lπ=  is the first eigenvalue of this specific beam setting. Using the 
beam determined vibration characteristics, the corresponding forced damped 
natural angular frequency for a transducer loaded beam may be approximately 
derived when an electrical loading-independent short-circuit condition for the 
transducer is assumed [79]. 
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The error introduced by this assumption is for the most part negligible as the 
loading determined resonance frequency varies between 
sc m0ω = Ω  
2
oc m0 sys1ω κ= Ω +  (5.3) 
for short-circuit (sc) or open-circuit (oc) conditions with sysκ  being the effective 
electromechanical coupling coefficient of the complete device [5, 7]. One can 
observe that the deviation from the assumed frequency will usually adept minor 
values and no significant dependence of the system performance on the chosen 
resonance frequency is to be expected. 
Regarding the forcing function, the amplitude of the point force acting at the 
position fp  has arbitrarily been chosen to be 
f
1ˆ
2 sin( )
F
kp
=  (5.4) 
This results in a blocked force exerted by the transducer which is located 
beginning at the position tp  of 
f
B
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(5.5) 
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In order to assume the beam bearing this blocked force, one has to acknowledge 
a strong difference in thickness as inherent to the model. This further implies 
that the transducer parameters must be taken as restricted by substrate clamping 
[83-85]. Presuming the given forcing function, the ratio of beam deflection to 
beam thickness may be calculated to be about 0.1 according to the equations 
determined by Nakano [79]. It is evident that the beam will stay in pure bending 
motion and using standard beam theory, the absolute value of the maximum 
strain level (occurring at the suspension and the beam center) can be calculated 
to be 1.2‰. The arbitrary amplitude of the forcing function has therefore been 
chosen to be adequate to induce a strain level which complies with the given 
material-characteristic restrictions. Further on, the magnitude of the developed 
strain is comparable to the strain level induced in the manufactured 
microgenerators which are introduced later. 
It should be noted, that the Simulink Simscape environment which is principally 
capable of directly modeling mechanical systems automatically implies a force-
current-equivalency. Therefore it was reverted to the direct implementation of 
the corresponding differential elements in their analogous electrical 
representation. 
The corresponding Laplace transformation of the complex mechanical 
impedance of the system has been stated as follows [79]. 
2 1
b b b b m0 m0 m0
mb
2 2 2t t
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(5.6) 
From this equation, the resistive (damping), capacitive (compliance) and 
inductive (inertia) equivalents of the mechanical system may be derived which 
form the complex mechanical impedance in a series connection providing the 
linkage between the applied force and the resulting velocity. 
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Using these elements, an equivalent circuit representation of the mechanical 
domain excluding the mechanical part of the transducer itself will be established 
which is illustrated in Figure 5.9 and Figure 5.10. 
 
 
Figure 5.9: Contributions to the effective 
mechanical impedance 
Figure 5.10: Circuit representation of the 
mechanical domain 
Subsequently, the relation between mechanical force and velocity can be 
equated using the well known differential behavior of the defined electrical 
elements.  
 
Transducer 
In order to derive a two-port network representation of the piezoelectric 
transducer for the specified effort and flow variables, the scalar form of the 
constitutive piezoelectric equations and its time-derivatives are used [30] 
t
ES s T dE= +  
(5.10) 
TD dT Eε= +  
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Typically, the denoted mechanical and electrical variables are related to the 
defined effort and flow variables through the equations given below. 
m
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In these equations, a differentiation must be made between the mechanically and 
electrically active lengths ( m e,l l ) and areas ( m e,A A ) which are mainly 
dependent on the transducer and electrode setup of the device. For example, for 
the investigated piezoelectric beam in top-bottom geometry, the electrically 
active length would be the thickness of the piezoelectric layer while the 
electrically active area would be the electrode area, most of the time being the 
surface of the piezoelectric layer. Correspondingly, the mechanically active 
length would be the length of the transducer in a first order approximation which 
is equivalent to a spatially constant strain state. Finally, the mechanically active 
area would be the cross-section of the transducer assuming classical Euler-
Bernoulli beam-theory instead of the Timoshenko extension [86]. For other 
geometries like interdigitated electrode setups or when the laminar strain 
assumption is violated, these parameters may deviate so differential elements 
may have to be observed. 
Inserting the equation set given in Eq. (5.11) into Eq. (5.10) and allowing for a 
series of transformations, a differential representation of the piezoelectric 
transducer in the respective effort and flow variables may be stated. 
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Where the degree of electromechanical coupling is specified by 
2
,
t
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Utilizing this system description and assuming a simplified linear-time invariant 
system under harmonic excitation, mechanical and dielectric losses due to the 
transducer can easily be accommodated by using complex material 
characteristics for the stiffness and the permittivity and their respective quality 
factors [30] 
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As the system is resonant in a single frequency of less than one hundred Hertz, 
no frequency dependencies between the imaginary and real parts of the material 
characteristics have to be taken into account. Finally, under the reasonable 
assumption, that the mechanical and electrical loss factors are small compared to 
unity, the complete two-port network representation of a piezoelectric transducer 
can be expressed by the following transfer function if the integral definition is 
replaced by the Laplace transform. 
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 (5.15) 
Here, meT  and emT  are equivalent to the Laplace transform of the prior used 
12Z  and 21Z  and denote the degree of electrical to mechanical domain and 
mechanical to electrical domain coupling, respectively. The two remaining 
matrix elements now include the transducer induced losses and determine the 
transducer impact on the effort and flow variables. For simplicity reasons, the 
permittivity and elasticity variables used in Eq. (5.12) and Eq. (5.13) shall equal 
the corresponding real part of the complex number as the imaginary part will be 
included in the loss factors. 
11 mtmt (1 )Z Z jη= +  (5.16) 
22 etet (1 )Z Z jη= +  
In view of Eq. (5.12) the given two-port will be reciprocal if m e/A A  equals 
e m/l l , a condition which is implicitly satisfied for each differential element 
described by the constitutive equation set and which is also valid for the 
complete setup of a top-bottom geometry. However, the derived two-port is not 
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symmetric. A graphical representation of the transducer in its Z-parameter form 
is further given in Figure 5.11. 
 
Figure 5.11: Z-parameter form of the transducer as a two-port network 
It should be noted, that the overall mechanical impedance is composed of the 
beam part and the transducer part as is the overall electrical impedance 
consistent of load and transducer characteristics, respectively. 
m mb mtZ Z Z= +  (5.17) 
e eL etZ Z Z= +  
However, as the transducer itself is only a single layer in the mechanical setup, 
its contribution to the mechanical properties will be small. For instance, the 
parasitic losses in the system can be almost completely attributed to the beam 
damping m0ζ  which dominates the mechanical and electrical loss factors of the 
transducer mtη  and etη . On the other hand, the electrical contribution of the 
transducer determines the loading scenario to a great extent as will become 
obvious in the following sections. 
 
Electrical domain 
The last subsystem will define the electrical response to the impressed current 
which will not be solved individually but utilize the full potential of modern 
network and circuit simulation software. Therefore, no additional differential 
system description has to be established. Designs evaluated in this thesis mainly 
comprise passive loading elements with or without the addition of rectifying 
circuits. The two standard loading scenarios depicted in Figure 5.12 and Figure 
5.13 which will be used later on will be referred to as load A or load B.  
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Figure 5.12: Loading scenario A Figure 5.13: Loading scenario B 
In loading scenario A, the complex electrical load can be chosen to be 
impedance matched to the transducer design and the variation in power 
generation may be analytically described. In contrast to this, loading scenario B 
represents a typical nonlinear load. A full-wave rectifier has been implemented 
by assuming the diode forward voltage to be 0.2 V, the on-resistance to be 
0.3 Ω  and the off-conductance to be 10 nS. Technically, these diode parameters 
may be realized by using Schottky diodes (e.g. ST 1N5711 or AA132). The 
smoothing capacitor Crect has been arbitrarily chosen to exceed the internal 
capacitance by a factor of one thousand for minimal harmonic distortion by 
rippling. The attached load will be simply resistive in this case. Future research 
may further refer to boost or buck converters to ensure a certain level of output 
signal as well as a significantly more complex loading scenario. Several 
publications already deal with the aspect of improving microgenerator 
performance by a load-based approach [87-91]. However, restrictions on the 
electrical loading will be commented in line with other restrictions in the 
following section. 
 
Reflections on restrictions of the applied model 
In order to describe a physical system by its Z-parameter matrix as a two-port 
network, certain conditions have to be met. First of all, the fundamental port 
condition has to be fulfilled which states that the same flow variable has to enter 
and leave a port as shown in Figure 5.6. As coupling between domains is 
realized by the definition of an additive effort variable, as in Figure 5.11 this 
restriction is complied with. 
Furthermore, the calculation of the Laplace transformation which is mandatory 
for the definition of a transfer function (i.e. a Z-parameter matrix) requires the 
continuous system to be linear and time-invariant. The applied standard passive 
elements like resistances, capacitors and inductors usually satisfy this 
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requirement. Therefore, the lumped-parameter form of the mechanical system 
has to be sustained. While under simple harmonic excitation in the first mode 
natural frequency, the assumptions made in the derivation of the mathematical 
system description by Nakano have to remain valid [79]. Mainly, this refers to 
the thickness of the transducer being small compared to the thickness of the 
beam and a subordinate beam damping. While the first restriction allows for the 
transducer feedback coupled moment distribution to be accounted for by a 
simple Heaviside step function, the second condition will ensure plain harmonic 
motion. A rather serious restriction is further imposed by the need to be operated 
close to the respective natural frequency. As simple mechanical beam setups 
with micron-sized dimensions exhibit natural frequencies well above several 
Kilohertz to Megahertz, deliberately over-sized beam dimensions have been 
applied as listed in the Appendix. A low system working frequency has the 
further advantage of allowing for a significantly faster simulation when adjusted 
towards the same system response time during network analysis. More complex 
mechanical systems as will be presented in the subsequent chapters of this work 
cannot be evaluated using this simple model. Therefore, reasonable absolute 
values for the generated power cannot be computed although meaningful relative 
relations may be derived. However, the mathematical modeling of complex 
setups advances rendering future simulations of more intricate structures feasible 
[92-94]. 
In addition to this, material anisotropy which is a distinct feature of real 
materials has not been incorporated into the outlined model as it would give rise 
to a strongly nonlinear system behavior. This includes the allowance for plastic 
deformation and material failure as soon as a certain strain level is exceeded. 
Due to the simplicity of the mechanical model, this behavior cannot be 
anticipated and the induced beam deflection has to be monitored closely 
rendering a small signal-operation advisable. 
Finally, special care has to be taken when integrating nonlinear elements 
(diodes, switches, etc.) into the electrical load as a feedback coupling induced 
pronounced discrepancy from the harmonic wave form on the mechanical side 
will invalidate several assumptions made in the derivation of the differential 
system description and the solution approach using Laplace transforms. 
However, as the primary imprinted variable is the force, major deviations from 
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the harmonic excitation by the introduced nonlinearities where not observed 
during the simulation for a reasonable degree of electromechanical coupling. For 
these cases, the assumption of a linear time-invariant system as well as the 
application of the outlined transformations can be justified which makes the 
evaluation of non-linear loading scenarios possible. 
Although a multitude of different restrictions is imposed by the applied model, 
valuable information on the microgenerator behavior can be obtained primarily 
with respect to desirable transducer parameters and optimal loading conditions 
as will be described in the following sections. 
5.2.2 Matlab Simulink Model 
The mathematical model description has now been implemented into a Matlab 
Simulink (Release 13b) simulation with integrated Simscape elements for 
electrical network tools. Whenever possible, lumped elements from the 
Simscape environment were used. Direct differential relations like the 
electromechanical coupling were defined using Simulink blocks. The connection 
between the different solver environments was ensured using physical to 
simulink signal conversion blocks as included in Matlab Simulink. For the 
solver algorithm in Matlab, ode15s has been chosen with an automatic 
maximum step size depending on the systems working frequency. It has been 
found, that a minimum mapping of sixty simulation steps to one vibration period 
is a good compromise between simulation accuracy and calculation time. This 
approximately corresponds to a 6 bit quantization of the sine function with a 
resulting signal-to-quantization-noise ratio of about 40 dB [95]. The timescale 
for which the system response has been simulated was dependent on the degree 
of signal convergence to a steady state. Primarily when using full-wave 
rectifying with a smoothing capacitance (loading scenario B), the moment the 
system converges to a steady output voltage is largely dependent on the 
electrical capacitance of the transducer. The simulation time was therefore 
adjusted between several seconds and a few hundreds of seconds. Consistently, 
the voltage and current values which are measured at the load resistor and which 
are referred to in the following sections denote root-mean-square (rms) values 
for loading scenario A and steady-state dc-values for loading scenario B. The 
generated power characteristics have been calculated accordingly. 
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The complete Matlab Simulink implementation of the presented model is shown 
in Figure 5.14. 
 
Figure 5.14: Matlab Simulink implementation of the piezoelectric microgenerator 
model 
For comparison with the analytical system solution and therefore model 
verification, the same geometry and material parameters have been utilized as 
were applied by Nakano [79] even if they do not precisely fit the desired 
application. Table A1 presented in the appendix summarizes the primary 
properties of the modeled system. Using these primary input parameters, the 
secondary system parameters given in Table A2 can be calculated. 
5.2.3 Evaluation of Constituting System Parameters 
One of the most interesting applications of the outlined model is the assessment 
of different material characteristics. During the design process of the 
microgenerator, the piezoelectric layer may be constructed using several 
different material systems as motivated in this thesis and each material system 
may be provided in different compositions. Usually, changes in the piezoelectric 
active material imply a certain trade-off with respect to the obtained transducer 
characteristics. The evaluation of material parameters on the system response 
prior to microsystem design is therefore of great interest. A first experimental 
evaluation of this question has been provided by Shen [15]. Although, different 
piezoelectric material systems obviously imply a complete device design with 
respect to the inherent advantages of the respective material in contrast to a 
static comparison. 
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5.2.3.1 Interconnection of Electrode and Load Design 
In this work, the impact of material properties has been assessed for two specific 
best-case loading scenarios. While in the alternating current scenario (load A) 
the optimal impedance matched load in its resistive and inductive part may be 
calculated analytically, the corresponding optimum direct current setup (load B) 
has to be computed by simulation. 
 
Loading scenario A 
Impedance matching is an inevitable design rule for maximum power transfer 
from the piezoelectric microgenerator to the attached load. For a basic loading 
scenario, simple complex conjugate impedance matching is expected to describe 
the system accordingly. One challenge in the design of piezoelectric 
microgenerators is that the transducer itself has a very small capacitive internal 
resistance. Therefore, impedance matching can only be achieved by connecting 
to an inductive load. Using the transducer values stated in the appendix, the 
impedance matched inductivity has to be on the order of 300 H. Considering that 
even the integration of small inductive elements into microchip design is a 
serious challenge which requires excessive amounts of chip space, an inductor of 
this order of magnitude seems to be impossible. The stated load design is 
therefore questionable even if a higher resonance frequency or higher internal 
capacitance significantly lowers the size of the inductive element. However, the 
impedance matched generated power which is stated in the appendix can be used 
beneficially as a benchmark for the model variations simulated below. Hence, 
the following figures will be normalized upon the optimal achievable power. 
The dependency of the generated power on the attached inductive and resistive 
part of the load itself has been analytically described by Nakano [79] and 
verified using the outlined simulative approach. Thus, it was refrained from a 
repetition of the respective graphs. Strategies to narrow the effect of the 
capacitive transducer behavior therefore have to target the realization of a 
considerably increased internal capacitance while operating in a fixed frequency 
range.  
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Loading scenario B 
As a second case, a nonlinear loading consisting of a simple resistive load with a 
smoothing capacitor behind a full-wave rectifier is examined. In a first step, the 
optimal impedance of the respective setup will be determined. According to 
state-of-the-art knowledge about circuit design, the optimal load resistor should 
be determined by the internal capacitance of the setup via the RC circuit cutoff 
frequency with a possible contribution of the smoothing capacitor. However, 
provided that a single system variable can be found which determines the 
internal capacitance of the transducer without interfering with other performance 
defining transducer characteristics, a more comprehensive dependency can be 
inferred. For a transducer in top-bottom geometry, the width of the transducer 
may be such a variable as the mechanical properties are almost exclusively 
determined by the beam structure. Via a simple plate capacitor relationship, the 
width correlates linearly to the internal capacitance. Hence, manipulating the 
width of the transducer (while leaving all the other parameters unchanged) 
should change the transducer capacitance and correspondingly the optimal load 
resistance. The load dependency simulation given in Figure 5.15 has thus been 
derived for different values of the internal capacitance, modified as stated above. 
 
Figure 5.15: Optimal load resistance for loading scenario B in dependence of the 
internal capacitance of the transducer. The forced vibration cutoff frequency 
determined optimal ReL values have been outlined 
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The generated power has been normalized upon the optimal power output of the 
original setup in the impedance matched case of loading scenario A. It is 
observed, that the maximum power output using the original transducer 
dimensions in the loading scenario B is equivalent to no more than 4% of the 
generated power of the impedance matched case. Unequivocally, even in a direct 
current scenario, the system immanent unmatched impedance seems to account 
for a distinctive loss of harvestable power which is altogether reasonable as 
discussed below. Secondly, the power output is found to be closely linked to the 
size of the internal capacitance. A decreasing electrically active transducer area 
(i.e. capacitance) by itself will therefore result in a diminishing power 
generation. This observation has to be kept in mind and a dissociation of effects 
from possible advantages inherent to a low-k transducer based material system 
has to be made. Primarily, a change in material permittivity will result in a trade-
off between the obtainable voltage level and the generated amount of charge 
apart from a shift in optimal loading. More concise dependencies will be 
presented later on. Finally, for a modification of the electrically active area, the 
optimal load resistance varies with the internal capacitance as expected. It 
should be noted though, that the optimal resistance under default conditions in 
loading scenario B is found to be about 50 kΩ  strongly deviating from the 
optimal resistance analytically calculated for loading scenario A. The reason for 
this is that for the case of nonlinear loading, simple conjugate complex 
impedance matching as in the analytical solution may not be applied anymore. 
In a first order approximation, the optimal resistive load may be fitted by the RC 
circuit cutoff frequency (dashed line in Figure 5.15) of the load and the internal 
capacitance where the time constant is governed by the forced input vibration. 
Special attention should be directed towards the fact that this behavior has been 
coherently observed in the fabricated and measured microgenerators presented 
later on even while under AC operation. It is emphasized that for these systems 
the condition for maximum power transfer is dictated by the greatest possible 
discharge of the transducer capacitance during a time period of the forced 
vibration. As the system is no longer in its intrinsic optimum this case is 
evidently inferior to the impedance matched power transfer which has been 
proven by simulation. 
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Another interesting fact which has been theoretically stated before [3, 46, 76] is 
that a significantly higher penalty is observed for connecting to an undersized 
load than to an oversized though the logarithmic scaling of the x-axis in Figure 
5.15 may be misleading. This is due to two factors. First, the induced feedback 
coupling for a current under close to short circuit conditions presents an 
additional damping mechanism for the mechanical vibration. Secondly and more 
importantly, a less than optimum load allows for almost instantaneous charge 
equilibration in response to an incremental mechanic deformation. This will 
result in current peaking and a non persistent current flow. Finally, the influence 
of the smoothing capacitor seems to be of secondary importance. 
5.2.3.2 Material Characteristics 
In a last step, the outlined simulative approach has been used to derive a first 
understanding of the impact of material parameters on the system performance. 
Different simulations have been conducted for both of the defined loading 
scenarios. 
 
Loading scenario A 
As stated above, the optimum impedance matched loading scenario differs 
significantly from the rectified loading scenario as well as from real 
measurements. Though it may be unattainable in actual devices, it may present 
an upper or lower limit for the enhancement due to tailored material properties. 
On first sight, the strength of the piezoelectric charge coupling included in the 
model by the single parameter d  (i.e. 31d  in a top-bottom-geometry) may well 
be the single most important characteristic of the transducer material. Therefore, 
the optimality conditions for different piezoelectric coefficients have been 
simulated. Figure 5.16 shows that a variation of this parameter primarily results 
in a shift of the impedance matching load impedances as well as of the 
obtainable power output. Furthermore, Figure 5.17 displays an onset of 
saturation of the extractable power if a certain piezoelectric charge constant is 
exceeded. This is an interesting finding as practically, a more pronounced 
electromechanical coupling should entail an increased driving force for free 
charge flow. 
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Figure 5.16: Shift in optimal load for 
different piezoelectric coefficients with 
otherwise unchanged transducer 
properties (i.e. Cet = 0.156µF). For the 
sake of clarity, a linear load resistor axis 
has been chosen 
Figure 5.17: Generated power for 
different piezoelectric coefficients under 
impedance matched load in each case 
However, this behavior is reasonable, though it is a phenomenon that may only 
occur when a driven but load damped harmonic oscillation in the electrical 
domain is induced. Therefore, it is a relation predominant in the impedance 
matched case. This may be shown by the derivation of the differential system 
equation of the electrical domain (Eq. (5.18)). The forcing of the harmonic 
oscillation is provided by the continuous change in electrical potential of the 
piezoelectric transducer which is subjected to a respective time dependent 
deformation. For every given strain state the existent dipoles of the piezoelectric 
material herein present a quasi-static driving force for the charge flow which 
rapidly equilibrates over time under optimal load-conditions. 
 
Figure 5.18: Electrical circuit representation of an impedance matched load which 
permits a state of harmonic oscillation in the electrical power transfer 
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The second order differential system equation of the circuit in Figure 5.18 is thus 
given by 
( ) ( ) ( )
2
eL 1 31 t
2
eL eL et eL et
1 ( , )I t I tR f d Y SI t
t L t L C L C t
∂ ∂ ∂
+ + =
∂ ∂ ∂
 (5.18) 
and the steady state solution to this differential equation for an assumed 
sinusoidal forcing function /S t∂ ∂  in resonance is well known to be  
2 31 t
steady-state m0
eL et m0
( , )( ) sin( )
2
f d YI t t
R C
π
ω
ω
= +  (5.19) 
With ( )1 31 t,f d Y  and ( )2 31 t,f d Y  being arbitrary functions that monotonically 
increase with the piezoelectric charge coefficient and monotonically decrease 
with the Young’s modulus of the transducer for a given change in strain state as 
defined by the piezoelectric constitutive equations. As evident from Figure 5.16, 
a change in piezoelectric coefficients will result in a change of optimum load 
impedance. Therefore, an elevated driving force through an increase in charge 
coupling may be partially offset by a stronger load damping in the oscillating 
RLC circuit. Whether this point of inflexion is reached with a given 
microgenerator setup or not can unfortunately not easily be stated beforehand as 
the mechanical domain also incorporates a significant contribution into the 
optimality conditions. 
Finally, it should be noted that in contrast to these considerations, the loading 
scenario B is governed by a different differential equation system for the load. 
The dominant aspect in this setup is the time dependent charge and discharge of 
the RC circuit. 
Apart from the electromechanical charge coefficient, the electrical permittivity 
of the transducer and the mechanical stiffness of the transducer as well as the 
supporting beam represent important material parameters.  
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Figure 5.19: Open-circuit voltage 
response for a variation of the transducer 
permittivity under an impedance 
matched load 
Figure 5.20: Generated power for a 
variation of the material elasticity under 
an impedance matched load 
Figure 5.19 demonstrates the impact of different material permittivities on the 
open-circuit voltage as briefly referred to above that may be attained for a given 
mechanical loading. The simulated distribution closely resembles the 
theoretically expected proportionality of r1/ε . Hence, a transducer material 
with a low permittivity may present a viable option to obtain high voltage levels 
out of a fixed piezoelectric film thickness in trade-off for a reduced current flow. 
While neutral with respect to the generated power, this trade-off may be 
beneficial for any application where a concluding rectification of the signal is 
inevitable. Thereby, the forward voltage drop of the diode rectifiers constitutes a 
nonlinear loss mechanism that may be minimized by exceeding a certain signal 
level. 
In addition to this, Figure 5.20 depicts the dependency of the generated power 
upon the mechanical material characteristics. It is apparent that the Young’s 
modulus of the transducer material should outreach a certain threshold and in 
analogy to the piezoelectric charge coefficient dependency an incline up to a 
saturation regime may be observed. In contrast to this, the supporting beam 
should exhibit a Young’s modulus as low as possible in order to enable an 
efficient conversion of the applied force into a resulting deformation. It should 
be noted that due to the chosen model assumptions, i.e. the thickness ratio 
between the transducer layer and the supporting beam, a negligible fraction of 
the beam bending stiffness originates from the transducer characteristics. A 
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lower limit for the beam modulus is therefore presented by the validity of the 
model assumptions. 
 
Loading scenario B 
For the operation of the majority of load systems, a constant signal level is 
requested. Therefore, the effect of a variation of material parameters upon the 
load setup B has been analogously evaluated. Figure 5.21 provides an overview 
over the effect of an increasing piezoelectric charge coefficient on the power 
output. As the optimal load is primarily determined by the cutoff frequency of 
the RC circuit only a slight shift in optimal electrical loading occurs, whereas a 
steady rise in power output is observed. Given that an ascending piezoelectric 
charge coefficient 31d  leads to a respective change in the piezoelectric coupling 
coefficient κ , the found dependency is reasonable. In a second series of 
simulations a change in 31d  is linked to a subsequent adaptation of the 
transducer permittivity resulting in a constant piezoelectric coupling coefficient. 
Figure 5.22 presents the corresponding data. 
  
Figure 5.21: Generated power for 
different piezoelectric charge coefficients 
and load resistances in loading scenario B 
Figure 5.22: Generated power under a 
constant electro-mechanical coupling 
coefficient determined by d31 and εr in 
loading scenario B 
It can be deduced that for a constant piezoelectric coupling a uniform level of 
power output is maintained. Though this is only correct at first sight as a shift in 
optimal loading is found which is determined by the change in internal 
capacitance via the material permittivity. This shift will also contribute to the 
generated power as the amount of current flow necessary to transfer a specific 
power is in turn determined by the load impedance. However, this seems to 
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confirm the conclusions drawn so far, that the piezoelectric coupling constant is 
the constitutive material parameter in the given piezoelectric microgenerator 
setup. Though, as a change in load impedance also has an autonomous effect on 
the amount of generated power two competing dependencies are superposed in 
the computed results. 
Hence, a final sequence of simulations should confirm or contradict the given 
argumentation. As a basic assumption of the model is that the mechanical 
domain is almost exclusively determined by the supporting beam, the 
piezoelectric coupling coefficient was now held constant by mutually adapting 
the piezoelectric charge coefficient and the Young’s modulus of the transducer. 
Using this approach, only negligible unintended dependencies should be 
included as the mechanical domain is dominated by the beam setup. Figure 5.23 
illustrates the obtained results. Surprisingly, in spite of a constant piezoelectric 
coupling coefficient κ  a pronounced change in power output is found at a single 
load impedance and even more remarkably, a downward tendency for an 
increase of the absolute value of the 31d  parameter is detected. 
  
Figure 5.23: Generated power under a 
constant electro-mechanical coupling 
coefficient determined by d31 and Yt in 
loading scenario B 
Figure 5.24: Contour plot of the 
logarithmically normalized degree of 
electro-mechanical coupling me,0T  and 
em,0T  for existent material parameter 
combinations constrained by 0 1κ< <  
In order to explain these unexpected results, the underlying constitutive 
equations of the piezoelectric microgenerator should be thoroughly assessed. 
Having a closer look at the interconnection of the electrical and the mechanical 
effort and flow variables via the piezoelectric transducer (Eq. (5.12) and 
Eq. (5.15)) reveals the importance of the 12Z  and 21Z  parameters in the 
differential equations. Under the simplified assumption of the harmonic 
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excitation of a linear-time-invariant system as referred to above these are 
represented by the respective absolute values of the meT  and emT  parameters. 
As stated in the related equations, these parameters include spatial dependencies 
on the length or cross sections of the mechanically and electrically active 
geometries as well as on the operation frequency. Therefore, a normalized 
absolute form of these parameters which is only dependent on the remaining 
material characteristics and does not include losses is further on denoted as me,0T  
and em,0T  and is given by 
( )
2
me,0 em,0 22
t t1
E T D T
d dT T h
s d sd
κ
ε εκ
= = − − = − ≡ −
−−
  (5.20) 
This formula comprehensively formulates the degree of electromechanical 
domain variable coupling and may explain why a constant piezoelectric coupling 
coefficient κ  will not necessarily imprint a material parameter independent 
level of power output as shown in Figure 5.23. In contrast to this, a change in 
meT  and emT  as in Figure 5.22 seems to be offset by an internal capacitance 
induced change of optimal load which is consistent to the behavior found so far. 
The degree of electromechanical domain variable coupling is therefore strongly 
influenced by the transducer parameters as expected and is constrained by valid 
κ  parameters for physically existing materials. Figure 5.24 presents a 
logarithmically scaled contour plot of the degree of electromechanical coupling 
against the three constituting material properties, the piezoelectric charge 
coefficient 31d , the Young’s modulus tY  and the transducer permittivity rε  
where dominant parameter sets are indicated by a brighter color scale. Thus, it is 
evident that some material systems will have to be preferred above others with 
reference to the application as a piezoelectric microgenerator. Certain 
dependencies may be partially compensated by competing relationships, though, 
which emphasizes the intricate task of piezoelectric microgenerator design. 
Summarizing the derived relationships, the following guidelines for the 
transducer design in a piezoelectric microgenerator may be inferred. 
 
1. The active surface area of the piezoelectric transducer should be 
maximized with respect to the spatial dimensions of the setup. This 
condition is equivalent to the usage of a maximum transducer capacity 
for a given permittivity i.e. the generation of a maximum charge for a 
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given homogeneous strain state in the piezoelectric layer at a layer 
thickness determined by the contemplated voltage level.  
2. A material system which maximizes the degree of electromechanical 
domain variable coupling me,0T  and em,0T  (which is identical to the 
piezoelectric stress-voltage coefficient h) should be utilized. 
3. A significant rise in power output may be obtained if the piezoelectric 
microgenerator is operated under impedance matched conditions, 
although this may well be impossible to achieve in an actual 
application as discussed above. This fact presents a serious downside 
of a piezoelectric microgenerator with its inherent capacitive behavior. 
Research also begins to be dedicated to this matter [96]. 
4. A low transducer permittivity may be used to access an increased 
voltage output at the expense of the generated charge for a constant 
strain level and a given electrically active length (i.e. piezoelectric film 
thickness). This trade-off may prove useful to evade nonlinear losses 
constituted by the diode forward voltage drops in a rectification 
circuit. 
5.3 Device Preparation and Characterization 
In order to confirm the theoretical considerations outlined so far vibration-based 
piezoelectric microgenerators have been fabricated using state-of-the-art MEMS 
processing extended by the inclusion of piezoelectric active layers. The exact 
processing steps as well as the layer sequence of the different processing routes 
are given in detail in chapter 4. All piezoelectric microgenerators presented in 
this chapter have been manufactured with thin-films of PZT 45/55 as the 
transducer material to provide a non-optimized benchmark for the device 
behavior. 
5.3.1 Standard Microelectromechanical Building Blocks 
In a first step, the derived microfabrication procedures have been utilized to 
generate a process flow for the preparation of piezoelectric microsystems which 
is adapted to the manufacturing constraints of high-aspect structures. Regarding 
this, simple beam type devices were produced and experimentally evaluated 
whether the concluded analytical system description concisely predicted the 
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device behavior. The first device assessed is of a simple double-side suspended 
bridge type that is not loaded by a central proof mass as depicted in Figure 
5.25 (left). The device is fabricated in a stress compensated multilayer stack 
according to device process B. As of the most important condition no beam 
buckling due to the present intrinsic stress levels as measured in chapter 4 is 
evident after device release. Therefore, the elastic stability of the structure is 
preserved. 
  
Figure 5.25: Scanning electron microscopy image of a double side fixed beam setup in 
a stress compensated top-bottom-electrode stack according to process B stated in 
chapter 4 (left) along with a comparative overview over the respective natural 
frequencies for different beam lengths (right). The natural frequencies of the devices 
were measured while under piezoelectric beam excitation using an electric field of 
about 5 kV/cm which is below the coercive field of the piezoelectric layer 
Different beam geometries were now assessed with respect to their first order 
natural frequency and it was found that the analytical description for the 
resonance frequency of multilayer beam bending under the inclusion of intrinsic 
film stresses accurately describes the found dependency (Figure 5.25 right). The 
corresponding analytical formulas are given in chapter 3. Obviously, a 
microsystem with this layout will never be able to resonate in a frequency 
regime of about 150 Hz. Finally, it should be noted that a linear resonance is 
observed which is completely reasonable as the maximum tip displacement 
detected in resonance was only about 500 nm for the described excitation and 
the device in Figure 5.25 (left). 
In a next step, the fabricated bridge type structures were loaded by a centered 
SU-8 proof mass. While the height of the proof mass is determined by the used 
processing steps and fixed in this thesis to be 250 µm, the spatial dimensions are 
up to design considerations. However, a certain ratio between the length of the 
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proof mass and the length of the beam that is still free to vibrate should be 
maintained. As the moving proof mass will stretch the attached beams this ratio 
will greatly influence the induced strain level for a given tip displacement state. 
As a matter of fact, the maximum stretching strain level the incorporated 
piezoelectric ceramics should be exposed to is about 1‰ to avoid material 
failure and ensure device longevity. Hence, the design process will have to focus 
on the existent base displacement at a specific driving frequency and the Q-
factor of the device to determine the corresponding maximum tip-displacement. 
With the maximum tip displacement fixed and sufficient to result in nonlinear 
behavior according to Eq. (3.4) a second design step will infer the required 
length of the suspending beams to imprint the desired strain level into the 
microstructure. With respect to this step the common proof mass design outlined 
above and in its most basic form given in Figure 5.26 (left), is particularly 
suitable. As soon as the stretching determined strain contribution fully prevails 
over the bending moments (i.e. a nonlinear frequency response occurs) the 
arising strain can be assessed by a geometrical description to the first order. 
More precisely, the Pythagorean theorem closely resembles the true amount of 
induced strain as has been validated by finite element simulations. The generated 
strain S in the suspending beams can therefore be evaluated by 
2 2
s max
max
s
1
l w
S
l
+
= −  (5.21) 
Hereby, ls denotes the length of a single suspension to the central proof mass and 
wmax corresponds to the maximum tip displacement. According to these 
assumptions, an analytical description of the measured nonlinear vibration 
characteristics of the depicted beam structures which are shown in Figure 
5.26 (right) could be deduced. Resonance occurred at about 12 kHz. 
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Figure 5.26: Optical microscope image of several double-side fixed beams with an 
interdigitated electrode setup and a SU-8 proof mass according to process C in 
chapter 4 (left). The right hand side shows the nonlinear frequency response of a 
720 µm long and 70 µm wide beam with a centered proof mass of 150 µm in length 
for different base displacement amplitudes. Beam excitation was provided by 
mechanically shaking the base with a specific displacement and the maximum strain 
level has been calculated to be 0.14‰ 
Excitation to the mechanical structures was provided by enforcing a specific 
base displacement using a piezoelectric shaker. Figure 5.26 clearly shows that an 
increasing level of base displacement will result in an almost linear response in 
the maximum tip displacement. This is expected as the proportionality constant 
is the Q-factor of the device in a first order approximation. A noticeable 
difference is present in the nonlinear behavior, though. The characterized 
structures further exhibit a pronounced hysteresis in the mechanical vibration 
properties with an increasing nonlinearity depending on the sweep direction. As 
of the theoretical description of the dynamic behavior of a Duffing oscillator, a 
camber line exists that accurately predicts the instability point of the vibration 
for any given tip displacement. This behavior will be analytically evaluated in 
the following. In order to mathematically construct the camber line, the position 
of the linear system resonance f0 has to be measured. This can be done by a 
further decrease in the base displacement and a linear resonance of 12325 Hz is 
found for the structure analyzed in Figure 5.26 (right). For the second 
constituting value any detected instability point can be employed. The instability 
point hereby comprises the detected vibration cutoff frequency fcutoff = 12440 Hz 
and the corresponding maximum tip displacement wmax = 2 µm for any given 
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excitation as long as the nonlinear regime is reached. The nonlinearity factor εn 
of a Duffing oscillator can now be approximately derived by [52] 
2
cutoff
n 2 2
0 max
41
3
f
f w
ε
 
= − 
 
 (5.22) 
and is found to be 95.5 10⋅  for this device. The nonlinearity factor contributes to 
the nonlinear equation of motion of the duffing oscillator by defining the 
stiffness of the system that can be linearized for any imprinted displacement 
value as shown in Eq. (3.12). The equation for the restoring force can be rewrote 
to accommodate the nonlinearity factor as is shown in Eq. (3.11). 
Thus, for the case of a double-side suspended proof mass as shown above, the 
nonlinearity factor is almost exclusively determined by the intrinsic stress levels 
of the layer structure and not by the beam thickness. Therefore, it will follow a 
power law in dependence of the length of the suspending beams 2n blε
−
 as 
could indeed be experimentally verified for a set of devices. A second device 
factor of importance that is directly connected to the degree of nonlinearity is the 
bandwidth of the resonant vibration. In contrast to a linear resonance where the 
bandwidth scales with the inverse of the Q-factor of the device, the nonlinear 
bandwidth is given by 
2
n max
cutoff 0 0
31 1
4
wf f f f ε
 
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 (5.23) 
The bandwidth will therefore scale with the level of the linear resonance as well 
as with the nonlinearity factor and the obtained maximum tip displacement. For 
the device shown in Figure 5.26 (right) the bandwidth can be inferred from the 
measurement or analytically calculated to be 115 Hz. An important design 
guideline can be concluded from the presented results. While the maximum tip 
displacement is fixed at a constant value to ensure a certain level of material 
stretching, the bandwidth can be further adjusted by design for a specific 
nonlinearity factor. However, it has to be kept in mind that the free beam length 
of the suspensions contributes to the inscribed strain level and to the nonlinearity 
factor if the device is dominated by the intrinsic material stresses. Nevertheless, 
a sufficient degree of decoupling of the different design rules has been obtained. 
In the next section, this will be extended towards the absolute level of the 
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resonance characteristics while maintaining separate control over the other 
device specifications like the bandwidth and the level of induced strain. 
Finally, the Q-factors of the presented simple beam-type devices have been 
determined by measurement. The Q-factor of the device is of special importance 
as it provides another rather independent design parameter for a device specified 
to operate at a given base-displacement. For instance, the Q-factor of a device 
with a given geometry can be strongly manipulated by vacuum packaging to 
suppress viscous air damping as the dominant parasitic damping mechanism. In 
addition to this, assessing the damping ratio of the prepared devices and 
adjusting the found values to meet the specifications is necessary in order to 
ensure the specified strain level for any given base displacement. Figure 5.27 
shows the exponential decay observed in devices similar to the ones displayed in 
Figure 5.25 and Figure 5.26 after forced excitation ceased. 
  
Figure 5.27: Determination of the Q-factor for simple beam type devices as in Figure 
5.25 of 1 mm length and 60 µm width without a proof mass (Figure 5.27a) as well as 
for a 920 µm long and 70 µm wide beam similar to Figure 5.26 with a centered SU-8 
proof mass of 320 µm length (Figure 5.27b). Damping has been determined by an 
abrupt termination of a piezoelectric excitation signal while in resonance along with a 
concurrent monitoring of the beam vibration amplitude 
The Q-factor of the device in the i-th mode Qi is now determined by evaluating 
the exponential attenuation of the damped free vibration amplitude w(t) at a 
specific frequency f0 using 
( )
0
max
i
f
t
Qw t w e
π
−
=  (5.24) 
A clear increase of device quality factor is confirmed upon adding a proof mass 
to the design as has been expected. However, it should be mentioned that the 
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quality factor is linked to the free beam length which mainly constitutes the 
elasticity and thereby may impair the impact of the added mass. For instance, the 
device characterized in Figure 5.26 features a proof mass loaded bridge with a 
smaller quality factor of about 100 due to the reduced free beam length in 
comparison with Figure 5.27b. Both of these could be dramatically increased by 
vacuum packaging notwithstanding that it remains largely unattractive under 
integration aspects. A similar measurement of the damping existent in any other 
natural frequency fi may further be used to assess the Rayleigh damping 
coefficients αR and βR according to [52] 
2
R R 2i i if fα β ζ+ =  (5.25) 
Herein, ( )1/ 2i iQζ =  denotes the measured damping coefficient of the i-th 
mode. This approach was used to derive meaningful mathematical damping 
coefficients for the respective common proof mass devices which have be used 
for the corresponding finite element simulations shown above. 
In summary, the derived characteristics for standard microelectromechanical 
building blocks are comparable to literature reports presumably also including 
their aptitude for energy harvesting applications [11, 12]. In addition, valuable 
correlations between layout and the expected nonlinear characteristics have been 
found. Using this, it is possible to obtain broad-bandwidth devices without the 
combination of an ensemble of different beams as proposed by Shahruz [97-99]. 
5.3.2 Dihedral Common Proof Mass Designs  
The previous section provided basic insight into a series of design parameters 
necessary to result in devices with nonlinear vibration characteristics. This 
knowledge will now be utilized to fabricate and characterize a new set of 
devices with greatly reduced natural frequencies. Without the need to occupy 
excessive additional chip space a significant enlargement of the attached proof 
mass has to be enforced. One approach to achieve this is to utilize a cylinder of 
the height of the whole wafer thickness as the lower part of the proof mass and 
complement it from the top with the hitherto used SU-8 proof mass. As a result, 
a cylinder of about 700 µm in height will be attached to a series of circumjacent 
beams each with a thickness of about 1 µm. Figure 5.28 displays two devices 
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fabricated in a non stress-compensated top-bottom geometry setup. The 
complete layer setup is once again listed in chapter 4 as of the device process A. 
  
Figure 5.28: Optical microscopy images of common proof mass devices in dihedral 
symmetry along with the constituting geometrical design parameters. Figure 5.28a 
displays the device A specified in Table 5.2 whereas Figure 5.28b depicts a similar 
device of identical processing but with only 8 supporting beams and comparative 
vibration characteristics 
Irrespective of the extreme aspect ratios of the fabricated structures in thickness 
direction, a structurally sound MEMS device is obtained. The constituting 
geometrical parameters of two exemplary devices whose vibration 
characteristics have been determined are given in Table 5.2. These devices differ 
in the length and number of attached beams as well as in the type of the 
deposited proof mass. 
Device Type of proof mass 
Diameter of 
proof mass 
Number of 
beams 
Individual 
beam length 
A Silicon and SU-8 1 mm 12 500 µm 
B Silicon only 1 mm 8 800 µm 
 
Table 5.2: Overview over the characteristic device parameters of the dihedral 
common proof mass devices A and B presented in this section 
It will be shown in the following that several meaningful dependencies can be 
inferred from these parameter settings. Figure 5.29 now presents the respective 
nonlinear vibration characteristics of the given selection. First, device A exhibits 
a higher natural frequency compared to device B although it possesses a heavier 
attached proof mass. This can be attributed to the impact of the suspensions on 
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the stiffness. Device B features less and longer suspending beams therefore 
resulting in a strongly decreased stiffness. While the effect of the number of 
beams should be of a linear dependency according to theoretical considerations 
(i.e. parallel springs), the effect of the beam length should be disproportionately 
high. This will apparently overcompensate the contribution of the SU-8 proof 
mass to the system mass with respect to the acquired natural frequency. In 
addition to this, both systems approximately demonstrate the same degree of 
nonlinearity resulting in nonlinearity factors of about 91 10⋅  for device A and 
91.5 10⋅  for device B. As has been discussed above, the nonlinear behavior of 
both devices is obviously dominated by intrinsic stresses. Therefore, a higher 
nonlinearity factor would be expected for smaller free beam length (i.e. 
device A) according to Eq. (3.11). However, the additional SU-8 proof mass in 
device A also introduces an additional tensile stress into the system. Evidently, 
both effects inversely affect the obtained nonlinearity factor and add up to a 
largely similar level of nonlinearity. In comparison to the bridge type structures 
discussed above a considerably lower level of nonlinearity is observed. This is 
due to the higher beam length of the common proof mass devices while working 
under roughly equivalent intrinsic stresses. 
  
Figure 5.29: Nonlinear frequency 
response of the common proof mass 
designs given in Table 5.2 including the 
characteristic device parameters. 
Excitation was provided by mechanical 
shaking with a base displacement of 
50 nm 
Figure 5.30: Determination of the Q-
factor for the common proof mass 
device B specified in Table 5.2. Damping 
has been determined by an abrupt 
termination of a piezoelectric excitation 
while in small signal linear resonance 
It is further found, that device B displays higher maximum tip displacements. 
This can conveniently be ascribed to the reduced stiffness of the device which 
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exceeds the contribution of the added mass. Finally, along with a slightly higher 
level of nonlinearity as well as maximum displacement for device B goes an 
increased bandwidth as is forecast by Eq. (5.23) and evident in Figure 5.29. It is 
worth noting, that while the absolute level of the natural frequency was lessened 
greatly compared to bridge type structures it still exceeds the target values by an 
order of magnitude. This is due to the intrinsic stresses present in the devices 
which have been measured as of Table 4.8. A solution to this problem will be 
provided by a change in microsystem symmetry later on. Nevertheless, the 
derived devices will be further characterized with respect to their properties. 
Figure 5.30 illustrates the found quality factor of device B while ascending into 
resonance. A continuing increase in comparison to the prior prepared bridge type 
structures can be stated and a quality factor of about 360 is detected in linear 
resonance by using Eq. (5.24). Interestingly, this no longer solely defines the 
relation between base displacement and tip displacement as is seen in Figure 
5.29 for the nonlinear resonance. A deviation by an attenuation factor of about 
two is present which is attributed to the strongly nonlinear characteristics of the 
device. The definition of the quality factor is therefore of limited validity once 
the nonlinear regime is reached. Nevertheless, it presents a benchmark for the 
base displacement a device can withstand before a critical strain level arises in 
the suspending beams. 
In the following, the generation properties of the fabricated microsystems will be 
assessed. In a first step, the embedded piezoelectric layer has to be characterized 
to provide basic insight on the quality of the active layer as well as to expose 
possible effects of the performed processing steps. As has been outlined above, 
PZT 45/55 has been used as the transducer and its initial compatibility with the 
processing steps has been proven [68]. With regard to this, x-ray diffraction 
patterns of the whole wafer surface after device release were conducted. Figure 
5.31a shows the respective results. A high degree of (111) orientation is found to 
be present along with a similar fraction of (100)-oriented crystallites. However, 
a stable polarization state can only be induced in (111)-oriented PZT crystallites 
in a prior poling step due to the orientation of the polar axis. The initial 
orientation of the dipoles is therefore not fully subject to coercion in the 
direction perpendicular to the substrate and significant room for improvement is 
expected with respect to the microgenerator properties. 
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Figure 5.31: Characterization of the quality of the piezoelectric layer depicting an x-
ray diffraction pattern of the fabricated device A (Figure 5.31a) along with a 
polarization measurement performed on a suspending beam after device release 
(Figure 5.31b) 
Figure 5.31b further presents the measured ferroelectric polarization of the 
deposited thin-films. In response to the various reactive ion etching steps applied 
during the fabrication of the microstructures the electrical properties of the PZT 
films severely deteriorate. Therefore, an annealing high temperature treatment is 
mandatory for the elimination of process induced defects. This temperature step 
has been implemented in direct advance to the final sulfur hexafluoride release 
step and comprised a slow ramp-up to 700°C and annealing for 10 min in an 
oxygen atmosphere in a diffusion oven. The resulting ferroelectric properties 
after the final release are as well given in Figure 5.31b. Though, a striking 
difference to the pristine film is perceived the quality of the active layer is still 
sufficient. Further research should to try to elucidate the impact of process 
induced material deterioration as well as the optimization of the crystalline 
material orientation for the desired task. 
Device A was now connected to the input channel of an oscilloscope (input 
resistance 1 MΩ) via bonding to a lead frame and a subsequent coaxially 
shielded cable connection. Poling has been conducted at room temperature at an 
applied electrical field of 175 kV/cm for 5 min. After a base displacement of 
80 nm had been applied, the frequency response of the tip displacement was 
monitored along with the time response of the generated voltage over the input 
resistance. Figure 5.32a demonstrates the found frequency dependency. 
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Figure 5.32: Characterization of the piezoelectric layer generated voltage output of a 
single suspension of device A measured under a forced vibration of 80 nm base 
displacement while connected to an oscilloscope with an input resistance of 1 MΩ. 
Figure 5.32a displays the frequency dependence of the generated voltage and Figure 
5.32b illustrates the generated voltage over the elapsed time during consecutive full 
vibration periods at a frequency of 1290 Hz 
Due to the elevated base displacement, a larger bandwidth is obtained in 
comparison to Figure 5.29. In order to estimate the induced strain level 
Eq. (5.21) can be used and a maximum stretching strain of 0.5‰ is deduced. The 
nonlinear broad-bandwidth vibration of the microsystem obviously leads to a 
rather homogeneous behavior of the generated output voltage amplitudes. Over 
the complete bandwidth, the variance in generated voltages is a factor of about 
two. With respect to the time signal at a fixed vibration frequency, Figure 5.32b 
displays the characteristic pattern of the generated signal. Two distinct features 
can be extracted. First, the resulting time signal of the generated voltage 
possesses a frequency that is twice as large as the actual vibration frequency. 
This is due to the fact that the common proof mass design exhibits two almost 
equivalent states of maximum straining. In contrast to predominant bending 
loading where consecutive tension and compression is exerted, the induced 
stretching will always lead to tension. Therefore, independent of an upward or 
downward tip displacement theoretically the same amount of strain will be 
procured. However, a second pattern is visible in the time response and it is 
found that one period has lower average amplitudes than the next one. This 
feature is preserved in a peculiar periodicity. In fact, it is caused by the existent 
static deformation of the structure under the gravitational load of the proof mass. 
As the equilibrium condition is already a deformed state a symmetric harmonic 
oscillation will result in higher absolute strains during downward motion than in 
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upward motion. This will in turn lead to a difference in the obtained average 
voltage amplitudes. 
The performed measurements allow the calculation of the effective degree of 
electromechanical coupling. At the point of maximum tip displacement, an 
approximate strain level of S = 0.5‰ is induced. This results in a generated 
electric field of about E = 0.16 kV/cm dropping over the load resistance. In the 
following, it will be shown that a load resistance of this magnitude almost 
represents open circuit conditions. Therefore, in a first order approximation 
negligible displacement currents can be assumed. In addition to this, the 
suspending beams are fully compliant as their strain state is primarily 
determined by the moving proof mass. Hence, the piezoelectric coupling may be 
described by the simplified constitutive piezoelectric equations in the stress-
voltage form [30]. 
t
T D
dE hS S
sε
≈ − = −  (5.26) 
With the corresponding definition of the electromechanical coupling in 
Eq. (5.13) and the knowledge that the induced strain and the resulting electrical 
field are perfectly perpendicular to each other Eq. (5.26) can be rearranged to be 
( )2 31,eff,eff,sys
31,eff
T D d E
d E S
κ =
−
 (5.27) 
Under the assumption, that the piezoelectric PZT 45/55 film is largely 
comparable to films similarly prepared before, the piezoelectric coefficient 
31,effd  is expected to be on the order of -60 pm/V [35]. It should be noted that 
due to the structural impact of the device release and the cease of substrate 
clamping this may not longer be the case. However, for a first assessment the 
used simplifications seem reasonable. Using these values a piezoelectric 
coupling ( )2,eff,sysT Dκ  of only 0.2 % is estimated for the present device. This value 
should therefore be subject to serious optimization in future research. 
In a last step, the load dependency of the presented piezoelectric microgenerator 
will be recorded. Figure 5.15 has suggested that in a non impedance matched 
setup with or without a final rectification the internal capacitance of the 
transducer has an immensely strong impact on the optimal load resistance and 
the amount of generated power. However, in contrast to simulation the internal 
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capacitance in real systems is constrained by the geometrical dimensions of the 
suspending beam. For the present device A the capacitance has been found to be 
2.3 nF with a loss factor of 0.012 at 1000 Hz. As the generation characteristic 
has been monitored at 1290 Hz the optimal load can be computed by assuming 
the frequency to be less than the cutoff frequency of the RC circuit. This leads to 
a theoretical optimal resistive load of less than about 50 kΩ. As the penalty for 
an undersized load is higher than for an oversized load, the true optimum is 
expected to lie close to this value. Apart from theoretical considerations, real 
measurements have been conducted. Figure 5.33 illustrates the variation of the 
generated output current together with the analytically calculated output power 
over the attached load resistance. Both values represent root-mean-square 
analogues of the sinusoidal parameters. In order to exchange the load resistance 
felt by the piezoelectric microgenerator, a virtual ground setup has been utilized 
together with a Keithley 427 current amplifier for the measurement of the 
current. The output of the current amplifier was now connected to an 
oscilloscope. 
 
Figure 5.33: Load dependency of the generated output power of a single beam of the 
piezoelectric microgenerator device A as measured using an operational amplifier 
circuit with a virtual ground. Hence, the effective load resistance seen by the 
piezoelectric microgenerator is determined by the shunt resistance 
It can be seen, that the initial setup where the input resistance of the oscilloscope 
constituted the electrical load is far from being optimal. Also, optimal power 
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output is achieved at a load resistance of 33 kΩ which closely resembles the 
theoretical prediction as well as the expected behavior as of Figure 5.16. 
As has been shown in the preceding sections, the relationship between the 
generated output power of a piezoelectric microgenerator and its multitude of 
dependent variables is often of a strongly nonlinear dependency. Hence, it is 
highly correlated to the acquired working point. The power density generated by 
the device shown above equals about 11 kW/m3, if normalized upon the actually 
piezoelectric active layer of 500 µm length, 70 µm width and 280 nm thickness. 
A more realistic value may be derived by relating to the corresponding fraction 
of the entire devices thus including the unused proof mass. A quadrant of 
700 µm height, 1 mm length and 70 µm width represents the most tight packing 
of suspensions circumjacent to the proof mass. Using the volume of this slice a 
power density of 2 W/m3 can be inferred. Obviously, the fraction which is not 
used for power generation is too high in the present device. However, the 
optimization of the obtained power output level does not fit within the scope of 
this thesis. The primary focus is therefore placed on the next step in the 
mechanical device design process which involves the further decrease of the 
device natural frequency without an ongoing increase in device area. 
5.3.3 Chiral Common Proof Mass Designs 
The extensive characterization of common proof mass designs evaluated so far 
has revealed several pivotal criteria for the device design. In the previous section 
it has been shown that the nonlinearity of the processed devices is dominated by 
the contribution of the intrinsic stresses. This does not only limit the obtainable 
bandwidth of the system but also enforces high natural resonance frequencies 
alike a strained string. A new design approach is therefore propelled by the fact 
that intrinsic stresses should be avoided. However, the exclusion of intrinsic 
stresses during the processing is challenging if not altogether impossible. 
Therefore, a different way has been devised. Microsystems have been fabricated 
using a chiral form, excluding a reflectional symmetry. The main reason for this 
is that now the existent intrinsic stresses dissipate while an intentional torsional 
distortion of the proof mass arises. This twist and the consecutive new steady-
state condition do not impede the following harmonic vibration, though. 
Regarding the rotational symmetry, several symmetry classes can be 
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implemented. Figure 5.34 shows three devices of different rotational symmetry. 
All devices are fabricated with different lengths but a single width of the 
suspending beams and various proof mass diameters therefore resulting in 
different chip area requirements. 
   
Figure 5.34: Common proof mass design with different numbers of suspending beams 
(i.e. degree of rotational symmetry). The microsystem design now exhibits a chiral 
form 
Due to the evasion of pre-stressed suspensions the device should now exhibit 
substantially reduced natural frequencies. Figure 5.35 illustrates that this is 
indeed the case. Opting for a low number of attached beams - which primarily 
act like parallel connected springs – resonance is observed at a frequency as low 
as 350 Hz (Figure 5.35a). Increasing the stiffness of the device by choosing a 
higher number of beams the natural frequency of the respective devices ascends 
again (Figure 5.35b). Unfortunately, both cases reveal a profound deviation from 
the expected Duffing oscillator behavior. 
  
Figure 5.35: Nonlinear frequency response of common proof mass devices in chiral 
symmetry. Figure 5.35a shows the response of a device in fourfold symmetry with 
beam lengths and proof mass diameter of 1000  µm whereas Figure 5.35b belongs to a 
device in eightfold symmetry with beam lengths of 1000 µm and a proof mass 
diameter of 1800 µm 
It has to be accepted, that primarily low amplitude vibrations can be properly 
described by the introduced Duffing nonlinearity factor εn. In contrast to what 
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has been expected using Eq. (3.11) this factor is not even enlarged in 
comparison to common proof mass devices in dihedral symmetry. In addition to 
this, increasing amplitudes disclose a new relationship between the respective 
instability points at different excitation frequencies. Instead of obeying a square 
root relationship as of Eq. (3.13) the peak positions may be fitted by applying a 
power-law. Similarly to the Duffing oscillator equation the reason for this has to 
be found in a continuous change of spring constant c of the vibrating structure. 
n
2
cutoff cutoff
n max2
0
1c f w
c f
βα= = +  (5.28) 
Fitting this equation to the measured vibration peaks, the nonlinearity factors αn 
and βn as indicated in Figure 5.35 can be derived. Most importantly, instead of a 
spring constant that increases with the square of the displacement (Duffing 
oscillator βn = 2) an exponent between one third and two thirds is detected. 
While this still gives rise to a nonlinear vibration characteristic it is evidently not 
enough to sustain a broad-bandwidth resonance. It is expected, that the reason 
for this behavior emanates from the possibility of the device to perform an 
ongoing torsional movement in addition to the simple up-down motion. A 
certain share of the vibration induced stretching therefore seems to relax in a 
twisting motion substantially reducing the intended stiffening of the structure. 
Hence, the proposed design is successful in further reducing the natural 
frequency of the device but unfortunately, a good portion of the inherent 
nonlinear characteristics are lost in return. Therefore, further research has to 
devise new ways of dealing with the impact of residual stresses on device 
performance. 
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6 PVDF Films for Piezoelectric Microgenerators 
Piezoelectric microgenerators that are based on a polymeric transducer may 
possess significant advantages over ceramic-based systems. Admittedly, the 
piezoelectric effect is a lot more pronounced in perovskite-type oxides than it is 
in any polymeric substance. However, a characteristic trait of a polymeric 
piezoelectric is a maximum sustainable strain level that is orders of magnitude 
higher than the fracture toughness of ceramics, especially while under tension. 
Temperature control may further strongly increase the resistance to fracture [42]. 
In addition to this, the dielectric permittivity is orders of magnitude lower than 
in ceramic transducers, which has a beneficial effect as has been shown. 
Particularly due to the first factor, completely new micromechanical device 
designs are feasible. For example, the device design introduced in the preceding 
chapters relies heavily on the elongation of a piezoelectric layer. With regard to 
this, the highly ductile behavior of the respective metallization layers can be 
exploited as well which are neither constrained by low fracture toughness. 
Therefore, the integration of P(VDF-TrFE) into piezoelectric microgenerators is 
exceptionally promising and will be assessed in this chapter. 
6.1 Preparation of PVDF Films 
The primary challenge for the integration of P(VDF-TrFE) films into 
microelectromechanical systems is not the deposition of functional layers but 
their conformity to the subsequently necessary processing steps. Nevertheless, a 
quick characterization of the prepared P(VDF-TrFE) films will be given. 
In this work, thin-films of P(VDF-TrFE) from now on also simply referred to as 
PVDF have been cast from solution using two different solvents. Methyl ethyl 
ketone (MEK) as well as diethyl carbonate (DEC) have been found to be 
especially appropriate to prepare high quality PVDF films. Figure 6.1 displays 
the obtained film thickness for different powder concentrations in solution if 
spin-coating had been performed at 2000 rpm for 30 s. As smooth and 
homogeneous films are of special importance for the following processing steps 
the potential film thickness is at some point limited by the solubility of the 
PVDF. MEK-based films further feature a streak pattern for higher concentrated 
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coating solutions. Thus, MEK may be applied for thin-films whereas DEC can 
also be used to obtain films up to 1 µm. Interestingly, the choice of solvent 
strongly influences the obtained crystallinity as is shown for different annealing 
temperatures in Figure 6.2. Annealing has been performed for 240 min at the 
respective temperature. Corresponding to literature reports, the emerging peaks 
can be attributed to contributions from the α- [100] and the β-phase [101] of 
PVDF [102, 103], while a slight shift due to the contained TrFE fraction is 
found. Peak splitting is observed in films derived from DEC mostly for 
annealing temperatures higher than 130°C which is consistent to the phase 
diagram in Figure 2.5. 
  
Figure 6.1: Resultant film thicknesses for 
different P(VDF-TrFE) powder source  
concentrations in two different solvents 
Figure 6.2: Characteristic x-ray 
diffraction patterns of 200 nm thick 
P(VDF-TrFE) films for different 
annealing temperatures in glancing angle 
geometry (θ = 1°) 
With regard to the electronic properties of the deposited films, both solvents are 
largely comparable. However, the choice of the annealing temperature is of 
particular importance. If defined too low, inferior ferroelectric and dielectric 
properties are obtained as is evident in Figure 6.3. On the other hand, if 
determined too high, recrystallization from the melt will seriously reduce the 
fraction of the polar phase in the material. The detected electrical permittivity 
constitutes about one to two percent of the respective permittivity of PZT films. 
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Figure 6.3: Measurement of the ferroelectric polarization (Figure 6.3a) and dielectric 
permittivity (Figure 6.3b) for differently annealed 200 nm thick PVDF films cast 
from a DEC solution 
Apart from the polar nature of the PVDF film, the electromechanical coupling is 
the second figure of merit for the deposited films. Figure 6.4 illustrates the large 
signal strain as well as the small signal piezoelectric coefficient detected from 
electrical actuation while performing laser interferometry. Strong 
piezoelectricity is found for films annealed between 120°C and 135°C. A 
piezoelectric coefficient of 25-30 pm/V is observed which is roughly one third 
of the PZT thin-films utilized in this thesis. Hence, this temperature range is 
altogether appropriate for the fabrication of high quality PVDF films. 
  
Figure 6.4: Measurement of the induced piezoelectric strain under an electrical 
actuation (Figure 6.4a) as well as of the piezoelectric d33,eff coefficient (Figure 6.4b) for 
differently annealed 200 nm thick PVDF films cast from a DEC solution 
It should be noted though, that with respect to the chemical resistance of the 
PVDF films, higher annealing temperatures have been found to be preferable. A 
compromise between optimal properties and processability will have to be made. 
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Applicable electrode materials comprise platinum electrodes, gold electrodes 
and aluminum electrodes. The utilization of copper or silver electrodes was 
experienced to be not feasible. This may be due to electromigration issues but 
will have to be further investigated. Out of fabrication considerations, platinum 
bottom electrodes deposited on standard oxidized silicon wafers have been 
combined with thermally evaporated gold top electrodes. However, for cost 
effectiveness, aluminum bottom- and top-electrodes yield comparable results. 
Finally, ferroelectric fatigue measurements conducted revealed a persistent and 
largely stable switchable polarization for more than 20000 measurement cycles. 
6.2 Patterning of Integrated PVDF Layers 
Notwithstanding the adequate material properties found so far, structure transfer 
to PVDF layers constitutes a severe challenge for the integration of PVDF films 
into functional piezoelectric microsystems. In literature contributions, several 
complex patterning processes have emerged that comprise direct x-ray-etching 
[104], stencil masking [105], micro-imprinting [106], soft lithography [107] or 
dip-pen processing [108]. Evidently, all these methods are not satisfactory for 
microsystem designs that rely on several consecutive structuring steps. 
6.2.1 Damage Potential of Lithographical Pattern Transfer 
It is common belief that due to the incredibly strong sensitivity of most 
polymeric substances to a multitude of different solvents, pattern transfer to 
PVDF films by lithographical means is not possible [105]. This is largely true, 
especially for exposure to acetone which constitutes a classical choice for most 
resist lift-off processes. However, it was found that when properly performed, 
PVDF layers were highly resistant towards the application of the solvent 
propylene glycol monomethyl ether acetate (PGMEA). Indeed, instead of 
outright dissolution PGMEA mainly swells the PVDF layer which may lead to 
delamination if not carefully controlled. Interestingly, besides being a solvent for 
AZ 5214E-based resists used during photolithography this solvent also 
represents a viable alternative to acetone for the lift-off of the very same resists.  
In a first step, the response of verifiably functional PVDF films contacted via 
shadow mask defined gold electrodes to direct immersion in different chemicals 
was evaluated. Figure 6.5 shows the proceeding loss of yield for a prolonged 
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exposure to three different chemicals. Samples that are no longer considered 
yield usually exhibit electrically shorted behavior. However, the complete loss 
of a ferroelectric polarization was also found to arise. Hence, yield refers to 
samples that remain effectively unaltered or exhibited similar ferroelectric 
activity after poling. As expected, exposure to acetone rapidly destroys the 
PVDF films. In contrast to this, only excessive interaction with PGMEA leads to 
a comparable drop in yield. It should be noted that this is primarily due to 
partially detached fractions of the film. 
 
Figure 6.5: Remaining yield (in percentage of functional capacitor setups on a sample 
with a sample size of 12) of a 200 nm thick film annealed at 135°C and metallized via 
shadow masks after an exposure to different chemicals 
The third chemical whose impact has been assessed is AZ 826 mif (mainly 
aqueous TMAH), a developer conveniently used for microchemicals AZ 5214E 
resist. The detrimental impact of this substance on the PVDF films is evidently 
more profound. However, during processing, the PVDF is extensively protected 
by the resist and only very short direct exposure results. It will be shown below 
that this does not prevent the usage of lithographical structuring of PVDF films. 
With respect to the impact of annealing temperatures, Figure 6.6 illustrates the 
microstructural impact of PGMEA exposure to differently annealed films. 
Evidently, no substantial effect can be observed. Nevertheless, it will be inferred 
in the following that the different microstructure is of significant influence for 
PVDF Films for Piezoelectric Microgenerators 
 
102 
 
the process induced variations. This is mainly attributed to the change in surface 
area, especially while recrystallized from the melt as for a 155°C anneal. 
   
   
Figure 6.6: Top view scanning electron microscopy images showing the impact of a 
60 s PGMEA exposure to differently annealed P(VDF-TrFE) films 
Thus, in a first step, lithographical structuring as depicted in Figure 6.7a has 
been applied to the PVDF layers to define the top electrodes. Herein, the 
parameters used during lithography may be obtained from chapter 4. As for the 
conditions that were found to be compulsory, a homogeneous and smooth PVDF 
surface in combination with the choice of an optimal annealing temperature as 
well as a strictly time-controlled and ultrasonic-assisted lift-off procedure have 
been identified. In addition to this, exceeding a specific thickness ratio (about 
four) between the resist and the PVDF may greatly facilitate success. In 
particular, the complete lateral dissolution of the resist during lift-off should be 
possible, before delamination of the PVDF layer occurs. Figure 6.7b further 
highlights the importance of choosing an optimal annealing temperature. While 
the recrystallized films seem to be completely resistant to the lithographical 
structuring, they display the worst ferroelectric properties to start with. 
Altogether, samples annealed at 125°C possess the highest remnant polarization 
as well as average coercive fields after pattern transfer and only slightly deviate 
from the respective samples prepared using shadow masks. 
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Figure 6.7: Lithography approach applied for the pattern transfer to P(VDF-TrFE) 
layers (Figure 6.7a) along with the impact on differently annealed films (Figure 6.7b). 
The given ferroelectric properties are in each case compared to reference samples 
contacted by evaporation through a shadow mask 
In summary, the definition of top electrodes by a lithography process is 
altogether possible and samples prepared using an annealing temperature of 
125°C seem to be preferable. 
6.2.2 Damage Potential of Reactive Ion Etching Steps 
While the definition of arbitrary metallization layer patterns is a prerequisite, a 
complete fabrication process requires several structure transfer steps. Hence, a 
device fabrication process for PVDF-based microsystems will be deduced in this 
section paying special attention to detrimental effects of several dry etching 
agents on the functional layers. To enable further pattern transfer, the 
lithography process stated in Figure 6.7a will be applied a second time to protect 
the deposited gold top electrodes along with dedicated parts of the PVDF surface 
from subsequent dry etching. Figure 6.8 gives a schematic illustration of the 
complete process flow. 
The process starts with a preliminary definition of the desired structures by 
removing the greater part of the silicon wafer up to a resulting membrane of 50-
100 µm by backside etching using DRIE or anisotropic wet etching agents 
(step A). The reason for this is that the PVDF film has been found to be 
extremely sensitive towards SF6-plasmas prohibiting the final release of the 
device by an isotropic under-etch of the structure. Hereafter, the pre-structured 
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silicon wafer is oxidized to a thickness of 450 nm (step B) and platinum bottom 
electrodes (100 nm step C) as well as the PVDF layer itself (step D) are 
deposited. As outlined above, lithography (step E) and the evaporation of gold 
electrodes with consecutive lift-off (step F) are now used to define the first 
pattern. 
 
Figure 6.8: Derived process flow for the fabrication of P(VDF-TrFE)-based 
piezoelectric microsystems. Details for each step will be given in the text 
A second lithography step (step G) subsequently defines the areas that are to be 
removed during the dry etching of PVDF (step H) as well as of the platinum and 
titanium oxide adhesion layer (step I). With respect to the anisotropic dry 
etching of PVDF a CHF3/CF4-plasma equivalent to the process denoted in 
chapter 4 for the removal of silicon dioxide has been found to be suitable. A 
cross-section of the etch characteristics after the complete device release is 
depicted in Figure 6.9. Obviously, sidewall deposition of platinum to the PVDF 
occurs during the respective etch step and may protrude to the top electrode. A 
mediation of this problem was found by rendering a specific thickness of the 
PVDF layer mandatory to avoid shorted capacitors. While the functional stack is 
now defined after lift-off, caution has to be exercised regarding the delicate 
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device release. It is of special importance that the underlying silicon dioxide 
layer remains in its place and is not removed as hypothetically shown in step J. 
This layer will protect the PVDF film from the SF6-plasma applied from the 
backside during device release. Hence, the process continues by removing the 
remaining silicon from the backside (step K) resulting in a thin silicon dioxide 
membrane of sufficient structural integrity with the PVDF-stack on top. Due to 
the good selectivity and anisotropy of the utilized CHF3/CF4-plasma process the 
silicon dioxide membrane can now be selectively removed from the backside 
(step L) yielding a released platinum-PVDF-gold stack. 
 
 
Figure 6.9: Cross-section scanning 
electron microscopy image of a released 
PVDF stack (after processing step L) 
indicating the sidewall-deposition of 
platinum residues 
Figure 6.10: Development of the 
ferroelectric properties of the deposited 
PVDF films throughout the outlined 
process flow given in Figure 6.8 
Figure 6.10 reconfirms the electrical properties of the PVDF layer after different 
processing steps starting by the definition of the top-electrode (step F) and 
closing with the released device (step L). Failure to protect the PVDF layer 
during device release (including step J) becomes clearly apparent in the 
properties of the released device. 
6.3 PVDF-Based Microsystems 
The developed process flow for PVDF-based microsystems has now been 
applied to the fabrication of common proof mass designs in dihedral symmetry. 
Effectively, the preliminary backside etching of the silicon wafer is analogously 
performed but leaves out a cylindrical proof mass as discussed before. The 
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subsequently defined PVDF stacks now bear this proof mass with a thickness of 
about 450 µm after device release. An optical microscopy image of a complete 
device is shown in Figure 6.11. 
  
Figure 6.11: Common proof mass device 
fabricated using the platinum-P(VDF-
TrFE)-gold stacks for the suspending 
beams 
Figure 6.12: Nonlinear frequency 
response of the device shown in Figure 
6.11 for different base displacements 
Monitoring the nonlinear vibration characteristics of this device under different 
base displacements (shown in Figure 6.12) results in a familiar hysteretic 
response with a nonlinearity factor of 91.6 10⋅  indicating again a strongly stress 
determined behavior. Evidently, the strongly elastic nature of the PVDF in 
combination with the ductile properties of the metallization layers easily allow 
to approach a strain state during device operation that is already beyond the 
brink of device failure for ceramic-based microgenerators. 
Unfortunately, establishing a bond connection to the gold pads on top of the 
PVDF surface is highly challenging and was found to result in shorted devices. 
This is probably due to the exerted force in combination with the temperature 
treatment during bonding which will result in impressing the gold pads into the 
PVDF layer. Although structurally functional, the vibrational characterization of 
the generator properties for PVDF-based devices is therefore not feasible at the 
present state of research. Thus, future research should try to address the 
experienced problems in the device assembly and packaging of PVDF-based 
microsystems. 
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7 Processing of Alkaline Niobate Thin-Films 
Thin-films of alkaline niobates in pristine or doped form are a promising type of 
newly rediscovered materials for a variety of different applications. For instance, 
representatives of this material class possess high piezoelectric coupling, 
pronounced birefringence, a strong dielectric tunability and provide a lead-free 
alternative to many lead-based compounds. A few years ago Saito further 
emphasized the importance of this material system by discovering a new 
morphotropic phase boundary in the potassium-sodium-niobate system [2]. 
Since then, concerted effort has been undertaken to develop a simple and 
economic solution-based approach to potassium-sodium-niobate (KNN) thin-
films [24-27, 109-117]. However, chemical solution deposition derived alkaline 
niobates do not process as smoothly as lead-zirconate-titanate compounds and 
till now complete and reproducible reports about functional deposition and 
concurrent electrical, dielectric and piezoelectric characteristics of deposited 
thin-films are sparse. All films that were presented in the recent literature were 
frequently afflicted with inhomogeneities and inferior electrical properties 
leading to unsaturated hysteresis loops. Corresponding to these results, 
functional potassium-sodium-niobate thin-films have been mainly prepared 
using physical deposition techniques [21-22, 118-120] Yet, approaches to 
improve the characteristics of sol-gel derived KNN thin-films focus without 
exception on enhancing the availability but not the distribution of the alkaline 
components [24-26, 111] without acquiring a fundamental understanding of the 
underlying material system. 
7.1 Chemical Solution Deposition Derived Niobium 
Oxides 
7.1.1 General Properties of Niobium Oxides 
A scaffold of niobium oxide is of great technological importance in a multitude 
of various new material systems as it fundamentally determines the electronic 
properties. This versatility in possible applications using conducting or 
insulating properties is attributed to the polymorphy of this apparently simple 
oxide system and is strongly influenced by the processing parameters. This is 
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partly due to the characteristic of the niobium oxide sublattice to be strongly 
influenced by the oxygen allocation. In the past, several publications tried to 
elucidate the physics of solution derived niobium oxide films [121, 122] and the 
structural properties of this material system [123] but the focus was not on the 
correlation between structural and electrical properties of chemical solution 
deposition derived niobium oxide films. In this section it will be shown that 
even pure niobium oxide thin-films fabricated by the standard solution 
deposition approaches used in the preparation of KNN thin-films can inhibit the 
same deteriorated electrical characteristics as the alkaline niobate thin-films that 
were presented in literature. Further on, the properties and microstructure of 
niobium oxide films may be tailored to a great extent providing a broad basis for 
a variety of applications. This behavior can be attributed to the known 
characteristic of niobium oxide to become semiconducting when slightest 
deviations in the stoichiometry of niobium and oxygen exist [124, 125]. 
Indication will be provided, that using sol-gel processes, solely the chemical 
processing route and more exactly the chemical modification of the niobium 
component determines the electrical properties of the niobium oxide thin-films. 
It will be shown, that this observation can lead a way to synthesize chemical 
precursor solutions that will provide alkaline niobate films or other niobium 
oxide-based material systems with significantly enhanced electrical properties. 
7.1.2 Preparation of Niobium Oxide Thin-Films 
All reactions and manipulations were performed using Schlenk-techniques under 
dry argon. Ethanol, n-butanol and 2-methoxyethanol have been dried with 
metallic sodium and subsequent distillation prior to being stored under nitrogen 
atmosphere in a glove box. Niobium pentaethoxide [Nb(OEt)5] has been 
synthesized according to chapter 4 in analogy to the standard experimental 
procedure [75] as the quality of the source chemicals is one of the most 
important aspects in the synthesis of alkaline niobate precursor solutions. 
Regarding this, several third party supplied niobium ethoxide precursors have 
been found to be unsuitable for further synthesis. Figure 7.1 shows the results of 
dynamic light scattering measurements conducted for two separately delivered 
lots and a newly synthesized niobium ethoxide precursor dissolved in ethanol. 
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Figure 7.1: Dynamic light scattering measurements of two different lots of third-
party supplied niobium ethoxide precursors as well as of a precursor synthesized by 
the literature known route 
Obviously, one third party supplied niobium ethoxide precursor featured a high 
degree of initial crosslinking probably initiated by ambient humidity during 
inappropriate storage. Therefore, checking the quality of the niobium alkoxide 
precursors by light scattering or resorting to a final distillation step as is part of 
the regular synthesis procedure is essential. 
The niobium oxide films presented in this section were exclusively prepared on 
(111)-oriented platinized silicon wafers. Chemical modifications were 
performed using appropriate equivalents (eq) of acetylacetone, water, 30% 
aqueous hydrogen peroxide and acetic acid diluted in the respective solvent. All 
coating solutions were preset to a final concentration of 0.1 mol/l with respect to 
the niobium component. 
7.1.3 Phase Transitions in Niobium Oxide Films 
7.1.3.1 Thermal Precursor Decomposition 
An assessment of the thermolytic behavior of the niobium ethoxide precursor 
prior to film deposition may yield a valuable basis both to support or invalidate a 
series of drawn conclusions and to estimate the impact of chemical modification. 
Thus, DTA-TG analysis has been performed on approximately 70 mg of pure 
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niobium ethoxide as well as on the evaporation residue of acetylacetone 
modified niobium ethoxide dissolved in ethanol. In the latter case, the 
evaporation of the solvent has been induced at room temperature through 
exposition to vacuum. Hereby, acetylacetone presents one of the most common 
chemical additives in chemical solution deposition [126]. As differential thermal 
analysis data presented in Figure 7.2 suggests that a considerable amount of 
organics is still present inside the film up to high temperatures, the drying and 
pyrolysis steps may be adjusted to allow for different degrees of ambient 
humidity interference as is discussed below.  
 
Figure 7.2: DTA-TG of unmodified niobium ethoxide precursors and precursors 
modified with one equivalent of acetylacetone. The two upper trajectories display the 
measured DTA signal whereas the two lower curves show the loss of sample mass 
The unmodified niobium ethoxide precursors show a pronounced plateau in 
weight loss appearing at about 275°C and lasting until about 550°C. The relative 
position of this plateau shows a weight loss of about 54% compared to the 
starting compounds. Using the reasonable assumption of a dimeric nature of the 
niobium ethoxide this plateau may indicate one remnant ethanolic ligand 
bridging the dimer which would correspond to a calculated molar weight loss of 
53.5%. In contrast to the pristine niobium ethoxide precursor, the addition of 
acetylacetone significantly changes the decomposition pathway resulting in 
rather seamless transitions. Therefore, especially in the mid-temperature regime 
a higher stability of the organic fraction is observed which presumably largely 
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affects the following crystallization pathway. Hence, a large exothermic hump 
detected in the DTA-TG measurements reveals an ongoing crystallization driven 
heat flow which is not ceding even upon reaching 1000°C. In both cases though, 
the stability of carbon residues inside the amorphous niobium oxide matrix is 
especially high for the niobium ethoxide system. In addition to this, the 
propensity to be effected by hydrolysis and condensation effects is immense 
even after a 500°C heat treatment as will be shown later on, further indicating 
remnant ethanolic ligands as outlined. 
7.1.3.2 Crystallization Pathways and Phase Formation 
In order to obtain a more precise understanding of the molecular impact of a 
chelation of the niobium ethoxide compound on the crystallization behavior 
further experiments have been conducted. For these investigations, ethanol has 
been employed as the solvent to exclude any unintended exchange reactions 
inside the coordination sphere of the niobium atom. In order to exclude any 
interference between chemical modification and hydrolytic crosslinking any 
unintended additional sources of humidity have been suppressed. Hence, the 
complete deposition, drying and pyrolysis steps were performed inside a 
glovebox under dry nitrogen atmosphere (H2O less than 200 ppb, air liquide 
alphagaz purifier) located in a cleanroom. Afterwards, the samples were directly 
transferred to the rapid thermal annealing chamber as mentioned above. It 
should be pointed out, that the utilization of dry artificial air inside the glovebox 
did not provide any substantial change of the results. Nevertheless, an immediate 
transfer to the annealing chamber is necessary as soon as the films are subjected 
to ambient cleanroom atmosphere (i.e. 45% rh). Even after a 500°C heat 
treatment a hydrolytic decomposition effect of the remaining organic residues 
has been observed leading to a promotion of crystallization and a minor 
improvement of the electrical properties. Using these protective measures to 
eliminate any accidental hydrolysis, the crystallization pathways of thin-films 
derived from unmodified niobium ethoxide precursors (Figure 7.3a) and 
precursors modified with one equivalent of acetylacetone (Figure 7.3b) were 
studied. All samples exposed to a temperature treatment above 700°C underwent 
an appropriate pre-anneal differing from the standard procedure stated in 
chapter 4. 
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Figure 7.3: Phase evolution in unmodified niobium ethoxide precursors in glancing 
angle geometry θ = 1° (Figure 7.3a) and crystallization pathway of precursors 
modified with one equivalent of acetylacetone in θ-2θ geometry (Figure 7.3b). The T-
phase is the higher-temperature orthorhombic representation of niobium pentoxide 
whereas the pseudohexagonal TT-phase is assumed to be stabilized by impurities 
Since no concurrent hydrolysis and condensation occurs during spin coating 
under inert atmosphere, smooth and homogeneous films can be prepared even 
without any stabilization as shown in Figure 7.4a for a film with a thickness of 
50 nm annealed at 700°C. In consistency with the DTA results, the samples 
prepared using the unmodified precursor solutions exhibit a pronounced onset of 
crystallization at about 600°C. It can be observed in glancing angle geometry 
that these films feature a change in crystallographic structure at about 800°C. 
This change in structure is attributed to the decomposition of the 
pseudohexagonal TT-Phase [127] and the evolution of the orthorhombic T-
Phase [128] also sometimes denoted as γ- and δ-phase [129]. However, the 
formation of the thermodynamically stable and expected T-phase should have 
already started at lower temperatures [124]. Eventually, the metastable TT-phase 
of niobium oxide is stabilized by the impact of impurities, for instance carbon-
based residues. Even though the TT-rearrangement of niobium pentoxide should 
have inferior electrical properties compared to the thermodynamically stable T-
phase of higher crystallinity this does not seem to pose a serious problem. Figure 
7.4b depicts a typical leakage current behavior of the sample displayed in Figure 
7.4a which is absolutely comparable to the best films prepared under ambient 
conditions which will be presented later on (Figure 7.8, Figure 7.11 and Figure 
7.13). 
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Figure 7.4: Microstructure (Figure 7.4a) and electrical properties (Figure 7.4b) of 
unmodified niobium ethoxide precursors prepared under inert atmosphere and 
annealed at 700°C. The electrical properties are comparable to the characteristics of 
differently modified films presented later on 
In contrast to this, no sample prepared using the acetylacetone-modified 
precursor could be electrically characterized. Compared to the ambient 
processing reported below, no concurrent hydrolysis occurs which would be able 
to alleviate the stabilizing effect of the acetylacetone addition. Regarding this 
observation, Figure 7.3b incidentally shows no evident crystallization for the 
modified thin-films at lower annealing temperatures. The first clear indication of 
a crystalline phase appears at about 900°C and is detectable only by using theta-
2-theta geometry representing a high degree of texture with two predominant 
orientations. These observations can be consistently explained by referring to the 
results of the DTA-TG measurements shown above.  
7.1.3.3 High Temperature Nucleation Phenomena 
The data provided in the previous sections emphasizes, that with a high stability 
of the organic fraction in the niobium ethoxide precursor solution, the chemical 
solution derived niobium oxide system may exhibit ongoing crystallization 
phenomena in the high-temperature regime. As this regime should be avoided in 
the processing of alkaline niobate films due to inherent volatilization problems it 
is reasonable to determine whether and when the consecutive crystallization will 
influence the morphology of the deposited film by concurring seed formation. 
Therefore, the morphology of the films presented in Figure 7.3 has been 
monitored for an increase in temperature. The results are presented in Figure 7.5 
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and the as-deposited films are found to contain small pores. This is characteristic 
for films prepared under protective atmosphere (i.e. a low degree of 
crosslinking) as will be seen later on for potassium niobate and sodium niobate 
films as well. 
 
Figure 7.5: Change in morphology of the samples presented in Figure 7.3 during high 
temperature treatment. Seed formation and film rearrangement is observed 
becoming pronounced at about 850°C 
It is further found, that without a significant condensation in the precursor 
solution, a rearrangement of the as-deposited film takes place as temperatures of 
about 850°C are applied. Interestingly, the nature of film rearrangement seems 
to be different for unmodified and acetylacetone modified films. Whereas in the 
already crystallized unmodified films an enlargement and aggregation of the 
enclosed pores appears, acetylacetone modified films rearrange upon first-time 
crystallization at the bottom electrode explaining the detected strong texture. 
Obviously, no homogeneous film is obtained as the film cracks in both cases. 
Applying more concentrated coating solutions or even higher annealing 
temperatures up to 1000°C did not provide a solution to this problem. Therefore, 
it is deduced that the uncontrolled thermal decomposition of the niobium 
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ethoxide precursor has to be prevented and the initiation of crystallization should 
be shifted towards a lower temperature regime. 
7.1.4 Chemical Precursor Modification 
Considering the propensity to hydrolysis and condensation reactions of the 
niobium alkoxide system under ambient conditions a certain level of 
stabilization or pre-hydrolysis seems to be necessary in order to obtain 
homogeneous films. Indeed, the processing of niobium alkoxide solutions under 
ambient atmosphere without the use of any chemical modification does not lead 
to uniformly distributed films. A characteristic feature common to most of the 
presented alkali niobate thin-films is a pronounced asymmetry in the current-
voltage-dependancy. Usually, as soon as a certain electric field (from now on 
denominated as threshold field) is applied, a change in exponential relationship 
between electric field and resulting current density may be observed as depicted 
in Figure 7.6. 
 
Figure 7.6: Empirically found leakage current density of a niobium oxide film 
prepared using one equivalent of acetylacetone for stabilization and n-butanol as the 
solvent. Interpretation is provided in the text 
While the physical origin of a similar behavior in potassium-sodium-niobate 
films is still under discussion [27] it will be shown that for niobium oxide it is 
characteristic for the processing and may therefore correlate to the defect 
concentration of the corresponding film. The abrupt change in slope, i.e. 
exponential relationship, may thus provide an indication of the film quality. 
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However, a true atomistic understanding of the involved interface and bulk 
effects is not existent at the current state of research. Nevertheless, these 
characteristic values will be used to determine the impact of different chemical 
modifications on the electrical properties of CSD derived niobium oxide thin-
films. 
7.1.4.1 Separate Condensation and Stabilization Control 
A common stabilization against incidental hydrolysis is provided by the use of 
the chelating agent acetylacetone [126]. However, also a controlled initiation of 
the hydrolysis reaction by the addition of a certain number of water molecules 
may be necessary for the development of the desired phase which has been 
proven for lead-zirconate-titanate films [130]. 
 
Figure 7.7: Scanning electron microscopy images showing the microstructure-
process-relationship for acetylacetone/water stabilized niobium ethoxide precursors. 
The amount of acetylacetone is increasing from top to bottom indicating no addition, 
1 eq and 2 eq respectively. Left to right depicts an increasing addition of water for no 
addition, 0.5 eq and 1 eq in the same manner. The exact chemical modification is 
shown in the inset of each picture 
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The impact of the separate stabilization and/or combined controlled hydrolysis 
on the microstructure of niobium oxide films derived from modified niobium 
pentaethoxide dissolved in n-butanol is presented in Figure 7.7. It is deduced 
that an increasing stabilization against hydrolysis and condensation leads to a 
porous structure consisting of randomly oriented grains (Figure 7.7d, g, h and i) 
whereas an increasing pre-hydrolysis favors a dense and columnar 
microstructure (Figure 7.7b, c, e and f). A point worth of notice is that there is a 
distinct microstructural difference between the addition of one and two 
equivalents of acetylacetone to each molecule of niobium pentaethoxide (Figure 
7.7d, g and Figure 7.9). Yet, due to older reports, only one molecule of 
acetylacetone should be able to form a stable complex with the niobium ethoxide 
molecule [131]. This interaction however seems to be of a more dynamic nature 
which could give rise to unintentional reactions as soon as further alkaline salts 
are present. 
Next, the impact on the electrical properties of the respective films has been 
investigated using the approach outlined above. Figure 7.8a illustrates the 
development of the threshold field for different degrees of stabilization and pre-
hydrolysis and Figure 7.8b displays the corresponding incline of the subsequent 
high conductivity slope. 
  
Figure 7.8: Position of the threshold field (Figure 7.8a) and inclination of the high 
conductivity slope (Figure 7.8b) for acetylacetone and water modified precursors. 
The slope is specified in decades of A/cm2 for every increase of the applied field in 
units of 100 kV/cm. The markers depict maximum, minimum and average values 
obtained by a sample size of 10 
Apparently, a high threshold field in combination with a shallow slope is 
desirable. Interestingly, the addition of acetylacetone to the niobium precursor 
leads to a rather uncontrollable deterioration of the electrical properties. This is 
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represented by low threshold fields and a steep change in conduction upon the 
onset of defect determined behavior. Further on, these samples also display a 
huge variance throughout the tested capacitor setups. The observed behavior is 
attributed to different degrees of initial crosslinking in the precursor. While 
certain organic residues may be hard to remove by combustion as shown before, 
a chemically induced transformation by hydrolysis and condensation seems to be 
eligible. 
In order to quantify the effect of the investigated chemical modifications 
dynamic light scattering measurements were performed on the coating solutions 
of the samples presented so far. Figure 7.9 displays the results.  
 
Figure 7.9: Particle size distributions of the coating solutions applied in Figure 7.7 
and Figure 7.8. A significant shift in the peak position is observed upon controlled 
hydrolysis indicating an increasing condensation. Please note the logarithmic scale of 
the x-axis 
It is evident, that in a non-stabilized system even minor additions of water lead 
to a major increase in the particle sizes. This behavior is mitigated as expected 
as soon as acetylacetone is added to the system. However, full stabilization only 
seems to be bestowed upon the addition of two equivalents of acetylacetone and 
even then, certain molecules appear to be more prone to crosslinking than others 
indicated by a skewed distribution. 
It should be pointed out, that using a different solvent (e.g. 2-methoxyethanol), 
the microstructure displayed a more columnar growth even upon the addition of 
acetylacetone. This behavior may be ascribed to the stabilizing effect of 2-
methoxyethanol itself which is mainly attributed to a higher degree of 
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coordinative bonding [70, 132]. However, the electrical properties stayed poor in 
comparison to pre-hydrolysed samples. 
Interestingly, equivalents of aqueous hydrogen peroxide instead of water for 
hydrolysis provided a major improvement in microstructure and electrical 
characteristics even if n-butanol has been used as the solvent and acetylacetone 
has been added for stabilization. Figure 7.10 displays the respective 
microstructural changes due to different modifiers for the case of hydrogen 
peroxide addition. 
 
Figure 7.10: Scanning electron microscopy images showing the microstructure-
process-relationship for acetylacetone/hydrogen peroxide stabilized niobium ethoxide 
precursors. The amount of acetylacetone is increasing from top to bottom indicating 
no addition, 1 eq and 2 eq respectively. Left to right depicts an increasing addition of 
hydrogen peroxide for no addition, 0.5 eq and 1 eq in the same manner. The exact 
chemical modification is shown in the inset of each picture 
It should be noted, that compared to the addition of plain water, hydrogen 
peroxide is a significantly more reactive alternative. Hence, combination c.) in 
Figure 7.10 did not provide a stable coating solution as precipitation occurred as 
soon as diluted hydrogen peroxide had been added to the unstabilized precursor 
solution. In comparison to Figure 7.7 major differences can be observed for 
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intermediate to high levels of acetylacetone addition (Figure 7.10e, f, h and i). 
More specifically, a pronounced columnar structure is obtainable even for a high 
degree of precursor stabilization. 
Simultaneously, the impact upon the electrical properties of the films derived 
from hydrogen peroxide hydrolyzed coating solutions has been analyzed and is 
shown in Figure 7.11. 
  
Figure 7.11: Position of the threshold field (Figure 7.11a) and inclination of the high 
conductivity slope (Figure 7.11b) for acetylacetone and hydrogen peroxide modified 
precursors. The slope is again specified in decades of A/cm2 for every increase of the 
applied field in units of 100 kV/cm. The markers depict maximum, minimum and 
average values obtained by a sample size of 10 
While the better part of the results of the electrical characterization are in line 
with the water modified coating solutions one considerable difference may be 
observed. More precisely, there is a combination of precursor condensation and 
stabilization agents (1 eq 30% H2O2 and 1 eq Hacac) that leads to surprisingly 
good leakage properties in chemical solution derived niobium oxide films even 
if acetylacetone has been added for stabilization. This is an interesting finding as 
later sections will indicate a positive effect of the addition of acetylacetone upon 
the stability of the heterometallic complex in alkaline niobate alkoxides. 
However, so far a hydrolytic condensation of the niobium oxygen network 
seems to be essential to attain a correct stoichiometry and the addition of 
acetylacetone seems to be detrimental. Due to the evidence presented in the 
preceding sections, the inferior electrical behavior of acetylacetone modified 
niobium ethoxide solutions is attributed to a diverse range of residual amorphous 
niobium oxides which give rise to prevailing conduction. 
In addition to this, the x-ray diffraction patterns of these pre-hydrolysed and/or 
stabilized samples display a significant dependence on the modification 
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conditions. Whereas, increasing pre-hydrolysis favors the sole development of 
the T-phase, enhanced chelation also promotes the stability of the TT-phase 
which is consistent to the results obtained so far. In summary, the indicated 
complex thermal decomposition properties of the niobium ethoxide system 
might render it very challenging to balance the necessary chemical modifications 
in a final synthesis route, especially if further alkaline salts are present. 
7.1.4.2 Simultaneous Induction of Condensation and Stabilization 
Another frequent additive to the metal alkoxide system comprises the addition of 
glacial acetic acid. The acetate ligands have been found to be bridging in 
titanium alkoxide systems therefore inducing a concurrent polycondensation and 
stabilization [133]. Hence, the effect of acetic acid modification has been 
investigated in terms of morphology formation and electrical characteristics for 
the niobium ethoxide system as well. 
Figure 7.12 reveals the microstructural impact of one to four equivalents of 
acetic acid addition. 
 
Figure 7.12: Scanning electron microscopy images showing the microstructure-
process-relationship for acetic acid stabilized niobium ethoxide precursors. The 
amount of acetic acid modification is increasing from left to right and top to bottom. 
The exact chemical modification is indicated in the inset of each picture 
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Without exception a dense and columnar microstructure is formed resembling 
the addition of water molecules in Figure 7.7 and Figure 7.10. Regarding the 
electrical properties, Figure 7.13a and b demonstrate that high threshold fields 
and flat high-field behavior can be obtained by introducing the optimal amount 
of three equivalents of acetic acid into the niobium ethoxide system. 
  
Figure 7.13: Position of the threshold field (Figure 7.13a) and inclination of the high 
conductivity slope (Figure 7.13b) for acetic acid modified precursors. The slope is 
denoted in decades of A/cm2 for every increase of the applied field in units of 100 
kV/cm. The markers depict maximum, minimum and average values obtained by a 
sample size of 10 
It becomes evident, that the addition of acetic acid as a molecular additive to the 
niobium ethoxide system may provide functional niobium oxide thin-films. 
However, the resulting film properties are significantly more dependent on the 
exact modifier stoichiometry compared to an addition of water or hydrogen 
peroxide molecules. 
In summary, it has been shown, that the precise form of chemical modification 
and therefore structure of the niobium ethoxide species during thin-film 
evolution has a major impact on the achievable electrical properties. The key to 
explaining the found discrepancies must be located in the chemical precursor 
approach itself. Regarding the aim of obtaining highly insulating material 
characteristics, evidence has been found that the stabilization of the niobium 
ethoxide component using acetylacetone may lead to amorphous carbon 
containing residues inside the crystalline thin-film which may severely 
deteriorate the leakage currents. This behavior is due to the polymorphy of the 
niobium oxide system and the high stability of carbon-based residues in the 
amorphous matrix. However, any disorder induced by residues may be 
encountered and partly compensated by initiating a controlled hydrolysis of the 
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precursor solution. This helps to remove large portions of the organic material 
by simple evaporation and not by combustion. Though, for the case of alkaline 
niobate precursors, any uncontrolled induction of polymerization may be closely 
linked to a separation of metal oxide species with the consecutive formation of 
unintended second phases as will be shown in the following sections. These 
findings are of particular interest because the huge majority of scientific results 
presented in the literature to date are utilizing the addition of acetylacetone 
during their synthesis of alkaline niobate precursor solutions. Yet, none of the 
observed instabilities are attributed to the processing itself. Nevertheless, the 
addition of acetylacetone or its derivatives may be necessary to enhance 
precursor stability but one has to possess knowledge of the involved 
consequences. Hence, it is highly unlikely that the sole addition of excess 
cations will suffice in substantially improving the electrical characteristics as has 
been attempted in various preceding publications. It is hypothesized that the 
presented evidence of unusual stability of carbon residues inside the niobium 
ethoxide precursors is partly responsible for the observed instabilities. Only a 
high degree of hydrolysis and polycondensation seems to be fit to overcome 
these obstacles. Therefore, utmost care has to be taken to permit a sufficient 
degree of condensation in the niobium oxide matrix while suppressing a possible 
phase separation. 
7.2 Fabrication of Sodium Niobate Thin-Films 
7.2.1 Impact of Sodium Precursor Handling 
7.2.1.1 Alkoxide-Based Sodium Precursors 
Generally, the reaction of potassium or sodium ethoxides with traces of water 
will lead to the formation of the respective hydroxides as illustrated in the 
following equation (M = K, Na). 
2MOR H O MOH ROH+ → +  (7.1) 
Once established, alkaline hydroxides may not be able to decompose completely 
again at the applied temperatures or may be further transformed to the respective 
carbonates. However, any remains in the amorphous matrix will severely 
deteriorate the phase formation and the resulting ferroelectric properties. This 
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process is a possible explanation for the huge fluctuation of the optimal excess 
of alkaline ions denoted in the respective literature. An excess supply of alkaline 
ions may help to attenuate the discussed loss principle in order to obtain the 
correct phase and this behavior may be especially critical if the surface to 
volume ratio surges as in the case of thin-films. As the remaining purity of 
commercially available alkaline ethoxide precursors is very hard to assess, a 
more elaborate synthesis route has been devised for the alkaline compounds as 
described in chapter 4 and it was not exclusively resorted to commercial 
products. Using the developed synthesis procedure it was possible to virtually 
exclude any source metal oxidization or formation of hydroxides of the alkaline 
metal species. The self-synthesized alkaline ethoxide solutions were stable for 
about a month before spicular particles were observed. Regarding this, Nefedov 
has found that ligand exchange reactions in the sodium ethoxide system proceed 
with a high number of repetitions [134]. In contrast to the outlined synthesis 
route, using toluene as an apparently inert solvent instead of n-heptane during 
synthesis was not successful as alkaline metal complexes with toluene will be 
formed during temperature treatment [135] as has been validated. However, 
utilizing even higher order alkanes which may still be distilled by vacuum 
exposure without excessive heating may be advantageous and may further 
increase the life time of the synthesized solution. For comparison commercial 
alkaline ethoxides (Alfa Aesar) have been used, too. 
7.2.1.2 Miscellaneous Sodium Precursors 
Compared to established material systems, the complex coordination of alkaline 
salts and niobium alkoxides is poorly understood. While sparse knowledge 
exists about the all-alkoxide approach [136, 137] nothing is known about the 
molecular structure that develops for other sources of alkaline metal ions. 
Nevertheless, two important alternatives to the alkaline alkoxide precursor exist 
and will be referred to in this thesis. These are the acetate- and acetylacetonate-
salts of the respective alkaline metal ions. Observations made for the utilization 
of the acetate-based precursors will be discussed in section 7.4.1.2, juxtaposed to 
the results of recent literature. Some findings of the conducted characterization 
of the even less common sodium-acetylacetonate precursor will be presented in 
the following section. However, as the underlying chemistry is for the most part 
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unknown, the consecutive systematic synthesis approach has been performed for 
the related all-alkoxide system. 
7.2.2 Characteristics of Sodium Niobate Thin-Films 
7.2.2.1 Chemical Precursor Modification under Ambient Atmosphere 
Due to the lack of scientific expertise in the synthesis of chemical solution 
derived alkaline niobate thin-films to date, a first series of experiments dealt 
with the analysis of best-practice synthesis routes well-known in the general 
fabrication of complex oxides. More specifically, the basic synthesis 
procedure A specified in chapter 4 has been performed for different alkaline 
metal sources followed by a subsequent reaction step. This reaction step 
comprised the addition of respective equivalents of water, hydrogen peroxide or 
acetic acid as has been introduced above as well as an optional reflux step. 
While the effect of sustained refluxing on all-alkoxide precursor solutions has 
been addressed in a recent literature contribution [138] and has been found to be 
not sufficient, the impact of chemical modification is quite unknown. Although 
an extensive characterization has been performed, only a short overview of the 
acquired results will be given on the following pages as the investigated samples 
were frequently afflicted with spatial inhomogeneities and the formation of 
second phases resulted in severely deteriorated material properties.  
In an exemplary manner, the discovered and so far unresolved problems will be 
symbolized by the results for sodium niobate and in particular potassium niobate 
films that have been prepared using a precursor modification based on the 
optimal amounts determined above for the decomposition of the niobium 
ethoxide complex. Therefore, 2-methoxyethanol has been used as the solvent, 
one equivalent of acetylacetone has been added to the niobium ethoxide 
precursor for stabilization and crosslinking inside the coating solution was 
performed by the final addition of one equivalent of aqueous hydrogen peroxide. 
Following this procedure, the coating solutions were spin coated at 3000 rpm for 
30 s in a cleanroom, followed by a drying step at 150°C for 2 min and a 
concluding pyrolysis step at 300°C for another 2 min. Crystallization 
commenced after every single coating by transferring the as-deposited film to a 
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rapid thermal annealing chamber at 650°C and keeping it there for 5 min under 
oxygen atmosphere. Figure 7.14 displays the obtained microstructure. 
   
   
Figure 7.14: Microstructure of sodium niobate films derived from precursor 
solutions chemically modified with 1 eq of acetylacetone and 1 eq of hydrogen 
peroxide. The upper row Figure 7.14a has been prepared by using sodium ethoxide 
whereas the lower row Figure 7.14b stemmed from sodium acetylacetonate-based 
precursor solutions 
It is evident, that the resulting microstructure is not completely homogeneous 
independent of the choice of the alkaline precursor. Concerning this, the upper 
row (Figure 7.14a) shows films that have been prepared by using sodium 
ethoxide precursors, whereas the lower row (Figure 7.14b) originates from films 
synthesized from sodium acetylacetonate. Columnar grain growth and fully 
dense sodium niobate films may obviously be derived by a chemical 
modification of the respective coating solutions. A more thorough notion of the 
quality of the as-deposited thin-films will be acquired by further 
characterization. Hence, the diffraction patterns of the samples in question have 
been recorded and displayed in Figure 7.15 in line with the leakage 
characteristics in Figure 7.16.  
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Figure 7.15: X-ray diffraction patterns of 
the films displayed in Figure 7.14 
Figure 7.16: Leakage current density 
characteristics of the films presented in 
Figure 7.14 
Interestingly, beside the formation of a deficit phase (A) in the case of sodium 
acetylacetonate-based precursors, which will be referred to later on, randomly 
oriented but apparently phase pure films have been prepared. Therefore, the 
heterogeneous form of the microstructure has to be attributed to the lack of a 
predominant crystalline orientation in the film. Grain formation with a random 
orientation prevails. However, as the leakage properties indicate the existence of 
several physically different conduction mechanisms in the film dependent on the 
polarity and the magnitude of the applied field, a significant amount of defects in 
the film is expected. In addition to this, second phases below the detection limit 
of the applied x-ray diffraction techniques may be present rendering a structural 
indication of the encountered problems difficult. Finally it should be expressed, 
that in the case of sodium niobate films, a behavior similar to pure niobium 
oxide films was detectable and a further chemical enhancement of crosslinking 
significantly improved the electrical properties up to a certain limit without 
inducing any other second phases. 
Further investigations, primarily upon the challenge of the formation of a 
homogeneous and stoichiometrically correct phase during the respective 
synthesis of potassium niobate films will emphasize, that this is not universally 
valid and unintended chemical reactions may be a main reason for the inferior 
electrical properties. Therefore, the phase formation of the respective alkaline 
compounds will be studied more closely in the following and finally, a new 
functional synthesis route will be developed. 
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7.2.2.2 Inert Gas Atmosphere Processing 
In order to analyze the properties intrinsic to the different alkaline niobate 
systems, special care has to be taken not to induce undesired transformations 
during the processing of the source chemicals, the precursor solution and the 
resulting thin-films.  
Similar to the effects discussed above for alkaline alkoxides, the reaction of 
niobium ethoxide with ambient moisture will lead to a hydrolysis driven 
condensation of the precursor solution and will therefore possess a pronounced 
impact on the crystallization pathway and transformation temperatures. For 
example, the crystallization of potassium-sodium-niobate thin-films has been 
observed at a temperature as low as 500°C [110, 111]. As has been shown 
above, inducing a partial polycondensation prior to or during film deposition 
may be beneficial for the niobium component under the application aspect of the 
process development (avoiding oxygen vacancies and lowering the 
crystallization temperatures). However, this may obstruct the understanding of 
the underlying physical and chemical phenomena. Considering these 
unintentional effects, the complete deposition, drying and pyrolysis process has 
as well been performed in a glove box under dry nitrogen atmosphere (H2O less 
than 200 ppb, air liquide alphagaz purifier). More precisely, the precursor 
solutions prepared according to procedure A without any modification were spin 
coated at 3000 rpm for 30 s, followed by a drying step at 200°C for 2 min and a 
concluding pyrolysis step at 400°C for another 2 min. Upon repeating this 
procedure for five times, the samples were immediately transferred to a hotplate 
kept at 700°C (Wenesco HP66YX) under ambient atmosphere and subjected to a 
final annealing step for 5 minutes. Once again, ethanol was used as the solvent 
to exclude undesired ligand exchange reactions. 
Interestingly, it was observed that using the synthesis approach developed above 
for high purity sodium ethoxide precursors, the quality of the resulting sodium 
niobate thin-films was clearly superior to using commercially available 
ethoxides of sodium. Figure 7.17 displays the results obtained for similarly 
processed sodium niobate films utilizing commercially obtained (Figure 7.17a) 
and in-house synthesized (Figure 7.17b) sodium precursors. 
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Figure 7.17: Top view scanning electron microscopy images comparing the 
homogeneity of the microstructure of sodium niobate thin-films prepared using 
commercially available sodium ethoxide compounds (Figure 7.17a) and freshly 
synthesized sodium precursors (Figure 7.17b) 
In view of no similar observations reported to date it is expected that these 
component separation effects are masked by the immediate hydrolysis of all 
components during thin-film processing under ambient conditions. This odd 
behavior is attributed to the extreme reactivity of the alkaline ethoxides where 
even traces of water will result in the formation of dispersed hydroxides as 
referred to above. Actually, the correct storage and handling of the highly 
reactive alkaline compounds even in a glove box may be challenging under 
laboratory conditions. Hence, any transformation of this kind will mitigate the 
formation of a correct heterometallic alkaline-niobium-complex in the precursor 
and will therefore greatly influence the distribution of metal species and hence 
the precursor homogeneity as soon as crosslinking sets in during film growth. 
Therefore, keeping the alkaline complexes completely dissolved all the time 
may be beneficial providing an explanation for the improved film quality.  
In a second experiment, the impact of the substrate orientation was investigated 
by analogously working on platinum electrodes epitaxially grown on (100)-
oriented magnesium oxide (MgO) single crystals [139-141]. All other processing 
steps have been kept constant. The corresponding microstructure of the resulting 
thin-films is shown in Figure 7.18. Clearly, a porous structure emerges similar to 
other samples prepared under protective atmosphere as shown before, yet even 
more distinct in this case. Finally, Figure 7.19 displays a comparative overview 
over the x-ray diffraction patterns of the presented films. 
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Figure 7.18: Top view scanning electron 
microscopy image of the microstructure 
of sodium niobate thin-films prepared 
using freshly synthesized sodium 
precursors on (100)-oriented epitaxially 
grown platinum bottom electrodes 
Figure 7.19: X-ray diffraction patterns of 
the samples presented in Figure 7.17a 
(bottom), Figure 7.17b (middle) and 
Figure 7.18 (top). (A) presumably 
represents the (021) reflection of the 
sodium deficit phase NaNb3O8 [142] 
The XRD measurements show, that the first detected reflection for films grown 
on (100)-oriented epitaxially grown platinum exhibits a slight shift in position 
and is located at 22.80° compared to 23.01° for sodium niobate films grown on 
(111)-oriented platinum electrodes. These values may both be assigned to the 
(010) reflection of crystalline sodium niobate [143] under a certain substrate 
induced deformation and the shift may be explained assuming a different 
substrate impact on the lattice constants. However, a rotation of the crystallites 
in the former case as a response to the changed substrate surface to a preferred 
(100) orientation of the monoclinic sodium niobate may be possible, too. In 
order to investigate the influence of the electrode layer on the film orientation, 
further research should be conducted. 
Additionally, it was observed, that the intensity of the diffraction peaks for 
sodium niobate samples displayed a strong dependence on the thickness of the 
as-deposited layer. Upon annealing thinner layers or in a layer by layer 
procedure highly (010)-textured samples could be prepared. A similar impact of 
nucleation control by the individual layer thickness has already been observed in 
other material systems, such as barium strontium titanate [144].  
Finally, the impact of a precursor modification by different equivalents of 
acetylacetone has been evaluated, as it will be shown later on that this measure 
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provides a significant gain in homogeneity and phase purity for potassium 
niobate films. Figure 7.20 illustrates the found dependency. 
 
Figure 7.20: Impact of precursor modification by the addition of acetylacetone on the 
crystallization of sodium niobate films prepared under a protective atmosphere on 
platinized silicon wafers 
It is evident, that the addition of varying stoichiometric ratios of acetylacetone 
does not display a profound change in the corresponding x-ray diffraction 
patterns. As this finding strongly deviates from the respective results of 
potassium niobate films it is deduced, that the heterometallic precursor in the 
sodium niobium ethoxide system is still largely associated as will be referred to 
later. 
7.2.3 Crystallization Behavior of Sodium Niobate Thin-Films 
Applying the processing steps outlined so far, the phase formation mechanism in 
sodium niobate films on standard (111)-oriented platinized silicon substrates has 
been examined. Using a heatable sample stage during continuous x-ray 
diffraction measurements, in-situ observations of crystallization effects were 
possible. Figure 7.21 displays the temperature dependency of the relevant 2θ 
space for a sodium niobate film. 
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Figure 7.21: XRD pattern showing the temperature dependent crystallization 
pathway of sodium niobate films on platinized silicon wafers. Upon the onset of 
crystallization at 450°C two predominant orientations are observed as well as the 
well known deficit phase (A) emerging beyond about 620°C 
The first indication of a crystalline sodium niobate phase (being attributed to the 
(010) and (101) planes) appears at about 440°C and is solely increasing in 
intensity upon reaching higher temperatures. At 800°C, the (010) reflection is 
situated at an angle of 22.64° while the (101) reflex may be detected at 32.21°. 
These values correspond to room temperature angles of diffraction of 23.01° and 
32.61°. Additionally, a nonstoichiometric phase emerges at about 620 °C at a 
diffraction angle of 29.24° possibly indicating the volatilization of sodium ions 
or more likely the crystallization of parts with a still incomplete cation 
distribution. 
Separately, the lattice spacing has been evaluated for sodium niobate films on 
both of the denoted substrates. The sodium niobate lattice parameters have been 
extracted from the measured (010) reflection by deconvolution and plotted 
against the temperature in Figure 7.22. For reference purposes, the respective 
cubic platinum lattice constants have been denoted, too. Please note that these 
differ for (111)-oriented platinized silicon wafers and epitaxially grown (100) 
platinum electrodes due to substrate clamping effects.  
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Figure 7.22: Development of the sodium niobate lattice parameter perpendicular to 
the sample surface as extracted from the sodium niobate (010) reflection by 
deconvolution. The platinum cubic lattice parameters have been calculated from the 
platinum (111) and (200) reflections, respectively. Squares denote the sodium niobate 
sample shown in Figure 7.21 during in-situ crystallization (filled) and during a 
second heating cycle (empty). Filled circles represent the sodium niobate sample 
given in Figure 7.18 which had been crystallized before temperature dependent x-ray 
measurements commenced 
It becomes evident, that the first crystalline response of the sodium niobate 
phase recorded during the in-situ measurement occurs when the cubic platinum 
and the sodium niobate (010) lattice parameter intersect at about 440°C. It is 
hard to tell, whether this designates a metastable phase in the sodium niobate 
system as will be shown later for potassium niobate films. However, upon 
further heating, the sodium niobate crystallites seem to relax to their equilibrium 
dimensions. After cooling to room temperature and a consecutive measurement 
cycle the detected lattice parameters almost exactly coincide. On the other hand, 
using (100) platinum electrodes instead, a pronounced gap of 0.02 Å opens up 
after cooling to room temperature indicating a significant substrate induced 
distortion of the sodium niobate lattice. The measured lattice constants may be 
compared to the respective database values of a = 3.911 Å, b = 3.881 Å, c = 
3.911 Å [143] and possibly indicate the growth of unit cells whose short axis is 
oriented perpendicular to the sample surface or of those that feature a 
pseudocubic form. In an overall view, an interface controlled crystallization of 
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sodium niobate thin-films on platinum electrodes is strongly indicated 
depending both on the orientation of the substrate as well as on the thickness of 
the individual as-deposited layer. 
7.3 Fabrication of Potassium Niobate Thin-Films 
7.3.1 Impact of Potassium Precursor Handling 
Any explanations of the possibly involved chemical reaction pathways given for 
the sodium source precursors hold especially true for the respective potassium 
compounds. As in the case of potassium alkoxides, utmost care has to be taken 
to prevent undesired transformations which will severely decrease the expected 
yield of the correct metal-organic species. The same has to be considered during 
the described synthesis route. As soon as the high-purity potassium metal had 
been released from the vial, surface oxidation occurred even if handled under 
inert atmosphere in a glovebox as is expected with reference to literature [145]. 
In addition to this, potassium acetate as well as potassium acetylacetonate are 
known to possess bound crystal water [146, 147] rendering a thorough drying 
process essential before admixing to the niobium alkoxide component.  
7.3.2 Characteristics of Potassium Niobate Thin-Films 
7.3.2.1 Chemical Precursor Modification under Ambient Atmosphere 
In a previous section, the influence of chemical precursor modification on 
sodium niobate precursors has been shown and it was found, that the phase 
formation was not notably impeded by the onset of condensation of the 
precursor. It will be shown now, that this is not true anymore for potassium 
niobate precursor solutions. Once again, the optimal combination of modifiers 
for the decomposition of the niobium ethoxide molecule comprising one 
equivalent of acetylacetone for stabilization and one equivalent of hydrogen 
peroxide for crosslinking has been employed. For the solvent, 2-methoxyethanol 
has been used again for additional stabilization. As a representation of starting 
chemicals, potassium ethoxide and potassium acetylacetonate were utilized as 
well. The deposition process has been chosen in accordance to the one presented 
for chemically modified sodium niobates. Figure 7.23 illustrates the 
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microstructure of the as-deposited films. Clearly, inhomogeneities arise and a 
strong dependence on the level of molecular modification is easily conceivable. 
This has indeed been found. 
   
   
Figure 7.23: Microstructure of potassium niobate films derived from precursor 
solutions chemically modified with 1 eq of acetylacetone and 1 eq of hydrogen 
peroxide. The upper row Figure 7.23a has been prepared from potassium ethoxide 
whereas the lower row is synthesized from potassium acetylacetonate-based 
precursor solutions 
In extension of the presented microstructure, an evaluation of the contained 
crystallinity is given in Figure 7.24 and the corresponding leakage current 
characteristics are shown in Figure 7.25. 
  
Figure 7.24: X-ray diffraction patterns of 
the films displayed in Figure 7.23 
Figure 7.25: Leakage current density 
characteristics of the films presented in 
Figure 7.23 
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Obviously, insulating properties can barely be stated any longer and even trace 
crystalline responses from second phases can be identified, especially for the 
sample in Figure 7.23b. It should be discussed though, why the results obtained 
for potassium niobate films deviate so considerably from the ones found for the 
respective sodium niobate samples. An easy but rather inexplicit explanation can 
be stated assuming a higher intrinsic reactivity of the alkaline component. 
Certainly, upon adding chemical modifiers competing reactions between the 
modifier and the alkaline ethoxide or the niobium ethoxide will take place. 
While, the niobium ethoxide will respond with an exchange of functional groups 
and / or a condensation of the organic matrix, the alkaline ethoxide is 
presumably only capable of exchanging its ligand. The coordination to a present 
niobium complex is therefore only possible via the attached ligand. However, 
the desired reaction scheme has to explain the formation of macroscopically as 
well as microscopically distinct phases. This can only be attributed to a strong 
spatial difference in metal ion allocation inside the precursor solution which has 
not been present to this extent in the respective sodium niobate precursor 
solutions. It is therefore assumed as indicated by [136], that the heterometallic 
complex is not equally stable for sodium and potassium alkoxides as well as for 
the corresponding acetylacetonate derivatives. Hence, the spatial distribution of 
alkaline ions will include enriched and vacant areas inside the organometallic 
niobium matrix that are maintained as soon as crosslinking sets in. Due to the 
tendency of the potassium / sodium niobate system to crystallize in a plurality of 
thermodynamically stable phases [148-151], these inhomogeneities cannot be 
resolved any more. The conservation of homogeneity on a molecular level may 
thus provide successful means to counteract the experienced problems. Possible 
ways to achieve this will be outlined in the following and several influencing 
factors will be presented on an empirical basis. 
7.3.2.2 Inert Gas Atmosphere Processing 
Another interesting characteristic of this complex material system became 
visible when the processing of potassium niobate films under inert conditions 
analogous to the approach outlined above was intended. Figure 7.26a presents a 
scanning electron microscope top view of a respective potassium niobate sample 
prepared using the described synthesis approach for potassium ethoxide.  
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Figure 7.26: Top view scanning electron microscopy providing a comparison of the 
homogeneity of the microstructure in potassium niobate thin-films prepared using in-
house-synthesized unmodified precursors (Figure 7.26a) and precursors modified 
with one equivalent of acetylacetone (Figure 7.26b) 
Obviously, the resulting inhomogeneities are considerably more pronounced 
when referring to the much more sensitive potassium niobate system. Different 
macroscopic phases develop also indicating an inadequate distribution of metal 
ions in the film while no crosslinking whatsoever was induced. This aspect was 
noticed before [152], but interfering hydrolysis was not excluded at that time. A 
different speed of hydrolysis is therefore definitively ruled out as a possible 
explanation by the results presented in this work. Furthermore, the volatilization 
of potassium is not expected at the applied temperatures as mainly sodium 
deficit phases have been described in the respective literature [24, 26] and excess 
potassium did not provide any beneficial effect. Consequently, a prior 
dissociation of the metal alkoxide species inside the precursor solution may be a 
possible explanation. With regard to this, an analysis conducted by Mehrotra 
several years ago has suggested that heterometallic precursors of alkaline 
niobium complexes may not be stable for higher order alkaline elements [136]. 
A recent contribution to this question has provided evidence that extensive 
refluxing is necessary to create a sufficient linkage between alkaline and 
niobium compounds which will result in a more homogeneous phase evolution 
[138]. The observed behavior is therefore attributed to this phenomenon. 
Surprisingly, upon modifying the corresponding niobium ethoxide complex with 
one equivalent of acetylacetone a significant increase of homogeneity is 
obtained (Figure 7.26b). Presuming the effect of acetylacetone on niobium 
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ethoxide to be similar to other transition metal alkoxides, chelation of the 
niobium ethoxide should occur, saturating two possible coordination sites [126, 
131]. Hence, this chemical interaction may have a positive impact on the 
stability of the heterometallic precursor leading to a higher degree of correct 
metal ion allocation. Apparently though, the precautions taken so far were not 
altogether sufficient to obtain homogeneous potassium niobate thin-films. 
Along with the microstructural change induced by the addition of acetylacetone 
goes a pronounced improvement of crystallinity as well as a diminishing 
reflection right next to the potassium niobate (111) peak (as depicted in Figure 
7.28 bottom) indicating a suppression of the formation of a second phase. 
 
 
Figure 7.27: Top view scanning electron 
microscopy image of the microstructure 
of potassium niobate thin-films prepared 
using freshly synthesized potassium 
precursors on (100) epitaxially grown 
platinum bottom electrodes 
Figure 7.28: X-ray diffraction patterns of 
the samples presented in Figure 7.26a 
(bottom), Figure 7.26b (middle) and 
Figure 7.27 (top). (A) presumably 
represents a potassium deficit phase like 
K4Nb6O17 [153] 
An aspect worth to be noted is the strong (111) texture in the x-ray diffraction 
measurement in Figure 7.28 (middle) for the modified potassium niobate thin-
films compared to the randomly oriented sodium niobate thin films. This issue 
will be addressed in more detail later. 
Consistently to prior data, processing potassium niobate films on epitaxially 
grown platinum electrodes likewise leads to a significant change in peak 
position. Figure 7.27 provides the corresponding microstructure and Figure 7.28 
(top) the respective diffraction pattern. A shift in the potassium niobate (100) 
reflection from 22.33° to 22.05° is detectable compared to separately processed 
films on standard platinized silicon wafers. 
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As the addition of acetylacetone has been found to have a positive effect on the 
microstructural homogeneity and the suppression of possible second phases, it 
was attempted to determine, whether a certain threshold exists. Figure 7.29 
illustrates, that even the addition of a quarter equivalent of acetylacetone leads to 
a major improvement in phase formation compared to Figure 7.28 (bottom). 
 
Figure 7.29: Impact of precursor modification by the addition of acetylacetone on the 
crystallization of potassium niobate films prepared under a protective atmosphere on 
platinized silicon substrates 
Altogether, the detected dependency on the mere presence of acetylacetone is 
surprising as ambient humidity is already strongly suppressed. With respect to 
the previously expressed hypothesis, that the structural instability of the 
potassium niobium ethoxide heterometallic complex in solution is increased, this 
observation is consistent, though. Hence, the presented evidence supports the 
assumption that the allocation of alkaline metal complexes in the resulting 
precursor solutions may be impeded by the instability of a heterometallic 
precursor as assumed from a chemical perspective in a former work [136]. The 
positive effect of excess alkali metal species observed in literature so far may 
therefore be attributed to a mediation of this problem. However, it does not 
provide a solution to it. Due to this behavior any onset of uncontrolled 
polymerization be it chemically induced or emerging during film growth will 
lead to an incorrect stoichiometry in the film resulting in deficit phases or non-
crystalline regions in the film as long as the applied temperature is low enough. 
As a possible approach, a chemical way to stabilize the bimetallic precursor 
complexes by the addition of acetylacetone is presented. A positive impact on 
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the structural homogeneity of the films has been shown but a completely 
homogeneous microstructure is not obtained. Therefore, more comprehensive 
ways to influence the solution chemistry of this complex system will have to be 
found. 
7.3.3 Crystallization Behavior of Potassium Niobate Thin-Films 
Performing an examination on the crystallization pathway of acetylacetone 
stabilized potassium niobate precursors, Figure 7.30 has been received. 
 
Figure 7.30: XRD pattern showing the temperature dependent crystallization 
pathway of potassium niobate films on platinized silicon wafers. Upon the onset of 
crystallization at 500°C several phases (A1, B1, C, D) appear which are transformed 
into cubic crystalline potassium niobate (A2, B2) starting at about 620°C 
As a striking difference to the crystallization pathway of sodium niobate, various 
phases appear at a temperature of about 500°C at diffraction angles of 22.51° 
(A1), 29.59° (C), 31.93° (B1) and 34.06° (D). However, between 620°C and 
670°C the intensity of these reflexes diminishes and a shift in peak position is 
observed (A1→A2, B1→B2). This diffraction pattern is typical for potassium 
niobate [154] and obviously, a phase transition is evident. Above 670 °C solely 
the designated high temperature form of potassium niobate is visible. The related 
diffraction peaks at 800°C can be determined to be 22.11° (A2, being attributed 
to the cubic (100) reflection at about 4.015 Å [37]) and 31.42° (B2 for the 
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corresponding (111) reflection). The room temperature diffraction angles after 
cooling down are further measured to be 22.33° (mean value about 3.976 Å) and 
31.56° which can be ascribed to potassium niobate. Interestingly, the 
temperatures required are slightly higher than for sodium niobate and no 
thickness-dependence of the peak intensity did occur. 
However, it should also be noted that the strong texture detected in Figure 7.28 
(middle) is lost upon working on (100)-oriented platinum or allowing for a 
certain amount of time between deposition (breaking the dry atmosphere) and 
crystallization (as in the x-ray heating chamber). It is therefore deduced that the 
crystallization pathway of potassium niobate thin-films on platinum substrates is 
highly dependent on the substrate as well as condensation conditions in the 
amorphous matrix and may be not exclusively interface dominated. The question 
remains, whether the crystallization of potassium niobate is achieved via a 
metastable phase which starts to decompose in the denoted temperature range or 
if the demonstrated reflection originates from a spontaneous transition into the 
cubic high temperature phase. The latter possibility would imply that the Curie 
temperature is offset about 200°C compared to the bulk value of 435°C [37] 
which is rather unlikely. 
In order to further investigate this matter, the lattice parameter evolution has 
been monitored. The corresponding diagram for potassium niobate is depicted in 
Figure 7.31. The displayed information has been acquired as defined above. 
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Figure 7.31: Development of the potassium niobate lattice parameter perpendicular 
to the sample surface as extracted from the potassium niobate (100) reflection by 
deconvolution. The platinum cubic lattice parameters have been calculated from the 
platinum (111) and (200) reflections, respectively. Squares denote the potassium 
niobate sample shown in Figure 7.30 during in-situ crystallization (filled) and during 
a second heating cycle (empty). Filled circles represent the potassium niobate sample 
given in Figure 7.27 which had been crystallized before temperature dependent x-ray 
measurements commenced 
Once again, the first sign of a crystalline structure of potassium niobate on 
(111)-oriented platinum emerges when the smallest mismatch of lattice 
constants is attained at about 500°C followed by the phase transition referred to 
above. However, upon cooling down to room temperature and commencing a 
second heating cycle the system reveals a slightly different behavior resulting in 
a somewhat displaced trajectory. Special attention should be directed towards 
two abrupt changes in thermal expansion (i.e. the slope) occurring at about 
220°C and 405°C. These characteristic points nicely match the literature stated 
orthorhombic to tetragonal (200-225°C) and tetragonal to cubic (420-435°C) 
lattice transformations in potassium niobate [37]. Therefore, it is deduced that 
the first crystalline response during the phase formation of potassium niobate 
originates from an unknown metastable phase. Recent literature has as well 
expressed, that the phase formation in the gel form may be a consequence of a 
carbonate precursor phase [138]. This finding seems to be extended by these 
results. The question remains though, whether this is imperative for the chemical 
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solution deposition of alkaline niobates or specific for the applied synthesis 
route as different orientations emerge in response to the chosen processing. 
Further research may therefore yield additional insight on the nature of this 
phase and may even provide possibilities to selectively manipulate this transition 
phase providing a higher degree of texture control. The results presented above 
also suggest an analogous transition in sodium niobate films though the 
characteristics are much less pronounced. Finally, the respective potassium 
niobate database bulk lattice parameters on orthorhombic axes are a  = 3.971 Å, 
b = 5.697 Å, c = 5.723 Å [154]. Similar to what has been found for sodium 
niobate, the short axis of the potassium niobate unit cell seems to be oriented 
perpendicular to the substrate if an orthorhombic base is used. Interestingly, 
working on epitaxially grown platinum electrodes a completely different room 
temperature lattice constant of 4.02 Å can be measured. The best fit for this 
value is probably a distorted a- or c-axis of the pseudocubic representation as a 
room temperature stabilization of the cubic phase may be hard to imagine. The 
choice of substrate therefore has a huge impact on the level of distortion the unit 
cells are subjected to. This huge difference in favored lattice parameters may 
therefore be the reason why films deposited on epitaxially grown platinum 
electrodes display significantly enhanced hysteresis loops for physical vapor 
deposition derived potassium-sodium-niobate films [22]. This literature report is 
in contrast to the findings of this thesis which will be discussed later on, though. 
In summary, sodium niobate crystallizes mainly interface dominated while 
potassium niobate exhibits a far more complex behavior dependent on a series of 
factors like the choice of substrate and the degree of inherent oligo- or 
polycondensation. In view of the obtained data on the crystallization 
temperatures of sodium niobate and potassium niobate films it is expected, that 
the crystallization pathway of the complex oxide compound potassium-sodium-
niobate is mainly dominated by the sodium component. This would imply a 
series of consequences like a strong sensitivity of the crystallinity on the film 
thickness and a preferred (100) orientation of the films. This has indeed been 
found. 
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7.4 Fabrication of Potassium-Sodium-Niobate Thin-
Films 
7.4.1 Conventional Synthesis Approaches 
In the preceding sections, several behavioral patterns of sodium niobate and 
potassium niobate films have been presented. Interestingly, these two closely 
related material systems differ in quite a few important characteristics. As strong 
piezoelectric properties have been detected in a doped version of the equimolar 
composition potassium-sodium-niobate [2] it is important to assess, whether the 
sodium component or the potassium component dominated features assert 
themselves. In the literature, two predominant ways of the synthesis of chemical 
solution deposition derived potassium-sodium-niobate films have been 
disclosed. However, no state-of-the-art synthesis route for thin-films has 
emerged due to a multitude of persistent difficulties. Therefore, many 
publications differ in the way of film processing, mainly with reference to the 
precursor preparation and annealing steps and consequently the development of 
a textured or randomly oriented microstructure. For example, Tanaka and 
Nakashima utilized ethoxide based precursors and 2-methoxyethanol as the 
solvent followed by a reflux step [24-25, 109-111], whereas Lai further added 
acetic acid and acetylacetone to the alkoxide solution [112, 113]. Likewise, 
Söderlind and Schröter employed alkoxide based solutions in ethanol with and 
without a final reflux step [114, 115]. On the other hand, Ahn reverted to the use 
of the respective alkaline acetates and applied acetylacetone as a chelating agent 
[26, 116]. Finally, Wang tried a completely different preparation route and 
obtained thick-films by introducing polyvinylpyrrolidone into the precursor 
solution [117]. Interestingly, the resulting conclusion is most of the time that a 
specific amount of excess alkaline ions is necessary to obtain pure perovskite 
phase or apparently saturated hysteresis loops. Though, the stated amounts differ 
greatly. Consequently, a volatilization of alkaline ions may not be the main 
reason why adding an excess of alkaline metal ions during precursor preparation 
seems to improve the resulting film properties [24, 26, 113, 115]. In the 
presented experiments, we have given profound evidence that instabilities in the 
formation of the heterometallic complex may have a pronounced impact on the 
distribution of the metallic species in the precursor. Nevertheless, it was 
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intended to synthesize potassium-sodium-niobate films by means of two 
conventional synthesis approaches. Neither of them will be eligible to fabricate 
high quality potassium-sodium-niobate films as will be shown. This is in 
accordance to the results found so far and the given interpretation of the 
conducted experiments. 
7.4.1.1 Alkaline-Alkoxide-Based Precursor Synthesis 
As stated, the application of an alkaline ethoxide-based synthesis route has been 
state-of-the-art in the majority of fabrication attempts for potassium-sodium-
niobate thin films. Admittedly, it presents a viable starting point for the 
evaluation of the quaternary system. This process is designated as procedure A 
in chapter 4. In accordance to the literature listed above, acetylacetone has been 
utilized as the primary chemical modifier and the alkaline ethoxide components 
have been refluxed in 2-methoxyethanol till complete dissolution occurred. Film 
deposition has been conducted as specified for chemically modified sodium 
niobate films. As the effect of excess alkaline cations has been given extensive 
attention in the presented literature and its dubious importance has been 
commented above in detail, it was refrained from presenting another 
measurement series. It should be sufficient to state, that none of the investigated 
samples possessed clear ferroelectric or piezoelectric behavior. In contrast to 
this, the effect of Lithium addition to the alkaline component has been analyzed 
due to two reasons. First, lithium niobate films represent the only functional 
class of chemical solution deposition derived alkaline niobates presented so far 
[155-161]. Secondly and more importantly, the crystal structure of lithium 
niobium ethoxide has been described in literature and the precursor has been 
found to be of a polymeric nature [137]. In conjunction with the stated stability 
of the lithium niobium heterometallic precursor, a strong improvement of the 
homogeneity and the resulting properties should be obtainable. The formation of 
a homogeneous phase should be further promoted by the relatively small size of 
the lithium ion allowing for greatly enhanced diffusion capabilities and therefore 
functional thin-films even at reduced temperatures [161, 162]. On the other 
hand, a natural limit on the amount of lithium than can be incorporated into the 
potassium-sodium-niobate lattice is determined by the difference in crystal 
structure. Hence, the solid solubility of lithium in the aforementioned system has 
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been found to be about 7% [16]. Figure 7.32 illustrates the effect of the insertion 
of different levels of lithium into the standard alkoxide-based procedure and the 
resulting microstructure and leakage current characteristics as well as a close up 
of the potassium-sodium-niobate (004) / (040) peak doublet. 
 
 
 
 
  
Figure 7.32: Cross-section scanning electron microscopy images of lithium-doped 
potassium-sodium-niobate films derived from an alkaline-alkoxide-based approach as 
well as a close-up of a characteristic peak shift in the corresponding x-ray diffraction 
pattern and the respective leakage current characteristics 
Considering the x-ray pattern it was refrained from presenting the complete 
range of diffraction angles due to no visible second phases although the resulting 
film properties suggest a multitude of defects and microscopic residues of not 
properly crystallized spots. However, a closer look at the recorded x-ray 
diffraction pattern reveals an interesting characteristic that will be referred to 
more often in the following sections. Some samples feature a distinct separation 
of diffraction peaks that unambiguously correlates to an improvement of 
functional film properties not considering different levels of oxygen vacancy 
defects due to different processing routes. Several possible peak splittings will 
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be discussed for the presented samples which will at first be attributed to the 
formation of the expected morphotropic monoclinic / orthorhombic potassium-
sodium-niobate phase as reported by Ahtee [39, 163]. Unfortunately, no 
database entry for the equimolar composition of KNN ceramics is available. 
However, the peaks can be ascribed to the (004) and (040) orientations of 
monoclinic K0.35Na0.65NbO3 ceramics with the inclusion of a small shift in peak 
positions due to compositional influences and substrate clamping [164] (sic). 
Regarding this, it should be noted, that the cited ICDD database entry followed 
an erroneous inverted declaration of the alkaline ion composition denoted 
ambiguously in the underlying original publication. The correct composition 
which will be used in the following is K0.35Na0.65NbO3 in the monoclinic phase 
and not K0.65Na0.35NbO3 as stated in the database which would be orthorhombic. 
Finally, both of the peaks are not likely to be the result of nonstoichiometric 
phases like KNb3O8, K3NbO8, K3Nb7O19, K4Nb6O17, NaNb3O8 or Na3NbO4 
which are often found in not properly prepared films. Interestingly, as is shown 
in Figure 7.32 (top left), any addition of lithium ions prevents the expected 
formation of the orthorhombic (lithium substituted) potassium-sodium-niobate 
phase that should also be indicated by a similarly distinguishable peak splitting 
[16] and probably leads to a pseudocubic or a predominantly oriented 
representation of the material system. While in the case of lithium tantalate 
substituted KNN the polymorphy between the orthorhombic representation and a 
tetragonal orientation has been observed in bulk material [23], this observation is 
new for unmodified thin-films as will be shown below. However, additional 
evidence for the discussed mechanism will be presented in all of the following 
sections. Finally, regarding the leakage current properties of the deposited films 
no clear trend is observable upon the addition of lithium ions which exceeds the 
natural variance of the prepared samples. For the sake of completeness, Figure 
7.33 displays the piezoelectric coefficients and the dielectric permittivities of the 
films given in Figure 7.32. 
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Figure 7.33: Measurement of the piezoelectric coefficient d33,eff and the dielectric 
permittivity εr of the alkaline-alkoxide-based and lithium-doped potassium-sodium-
niobate films presented in Figure 7.32 
Obviously, the prepared samples do not exhibit a piezoelectric behavior though 
the measured characteristics can neither be attributed to pure electrostriction. It 
mostly resembles a strongly defective and disordered piezoelectric. The same 
holds true for the measured tunability of the electrical permittivity. A solely 
dielectric behavior is determined in league with a strong incline of the loss factor 
for the not substituted KNN sample in the negative field regime. This is 
probably induced by an elevated cation vacancy defect density compared to 
lithium substituted samples. Once again, no clear trend is observable. 
7.4.1.2 Alkaline-Acetate-Based Precursor Synthesis 
Confronted with the problems discussed in the cited literature as well as the 
lithium addition and the challenge in homogeneity issues discussed above, a 
second conventional but alkaline-acetate-based synthesis route for potassium-
sodium-niobate films has been developed. The details of the synthesis route are 
given as of procedure B in chapter 4. A characteristic feature of the employed 
process is a rather complete acetic acid induced modification of the included 
niobium species. As has been shown in the preceding sections this strongly 
favors the complex thermal decomposition of the niobium ethoxide compound. 
It is therefore expected, that the prepared samples exhibit enhanced leakage 
current characteristics. Figure 7.34 shows that this is indeed the case, especially 
upon the addition of excess alkaline ions into the precursor solution similarly to 
what has been described in the literature. The prepared films are of the 
stoichiometric formula K(0.5 + x/2)Na(0.5 + x/2)NbO3 whereas x is given in the inset 
Fabrication of Potassium-Sodium-Niobate Thin-Films 
 
149 
 
of the respective figures. In addition to an enhanced leakage behavior, upon the 
addition of a certain alkaline excess, the discussed peak shift occurs anew which 
is shown below for the presumable (004) / (040) KNN peak. 
 
 
 
 
  
Figure 7.34: Cross-section scanning electron microscopy images of alkaline-excess in 
potassium-sodium-niobate films derived from an alkaline-acetate-based approach as 
well as a close-up of a characteristic peak shift in the corresponding x-ray diffraction 
patterns and the respective leakage current characteristics 
This goes along with a decrease in the defect determined electrostrictive-like 
material characteristics as well as with an increase of the dielectric permittivity, 
indicating the already discussed positive impact of excess alkaline ions. 
However, upon adding further excess, the material properties deteriorate again. 
The detected strong tunability of the dielectric permittivity is typical for 
perovskite type material systems but evidently, the measured characteristics do 
not possess a stable and switchable polarization i.e. ferroelectricity. Hence, in 
summary, for any level of excess, only paraelectric-like properties can be 
detected. This is in line with the discussed role of an alkaline metal excess in an 
uncontrolled precursor synthesis process. 
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Figure 7.35: Measurement of the piezoelectric coefficient d33,eff and the dielectric 
permittivity εr of the alkaline-acetate-based potassium-sodium-niobate films 
presented in Figure 7.34 
As is presented in Figure 7.36, the effect of lithium insertion into this process 
route for precursor solutions with no alkaline excess has been assessed as well.  
 
 
 
 
  
Figure 7.36: Cross-section scanning electron microscopy images of lithium-doped 
potassium-sodium-niobate films derived from an alkaline-alkoxide-based approach 
as well as a close-up of a characteristic peak shift in the corresponding x-ray 
diffraction patterns and the respective leakage current characteristics 
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Evidently, no peak splitting but a shift is observed as was expected by the results 
obtained so far. Yet, a significantly positive effect on the leakage current 
densities can be shown peaking at a lithium addition of about 4%. Once again, 
this is accompanied by the intended decrease of the defected piezoelectric 
coefficient as well as a slight improvement in the dielectric properties as is 
illustrated in Figure 7.37. It must be stated therefore, that in general, the addition 
of lithium simplifies the processing of potassium-sodium-niobates as has been 
expected, but this is not sufficient to develop ferroelectric or piezoelectric 
characteristics in KNN films. 
  
Figure 7.37: Measurement of the piezoelectric coefficient d33,eff and the dielectric 
permittivity εr of the alkaline-acetate-based and lithium-doped potassium-sodium-
niobate films presented in Figure 7.36 
7.4.2 Development of a Novel Precursor Synthesis Procedure 
In view of the encountered difficulties in the processing of alkaline niobate thin-
films, a new processing route that is comprehensively based on the results 
obtained so far will be introduced in the following sections. For a short 
recapitulation, the challenges in the synthesis that have to be tackled comprise 
the formation of a stable heterometallic complex, the alleviation of the thermal 
decomposition of the niobium ethoxide complex by the induction of a partial 
polycondensation while maintaining the spatial homogeneity of the existent 
species throughout the ongoing crosslinking process. Some of these objectives 
are obviously conflictive. In line with the presented results, all x-ray diffraction 
patterns of KNN films will be indexed on a monoclinic basis at first. 
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Synthesis of alkaline alkoxide-based precursor solutions 
In this section, it will be shown, that the chemical modification of potassium-
sodium-niobates is indeed possible if the synthesis conditions respect the 
chemical nature of the system in question. It has been demonstrated, that in the 
case of sodium niobate a simple chemical modification is still largely possible 
and a subsequent improvement of the electrical characteristics is found. In 
contrast to this, potassium niobate tends to exhibit distinct component separation 
effects leading to microscopically or even macroscopically dispersed second 
phases. It is hypothesized based on the evidence presented so far, that the reason 
for this is, that for higher order alkaline metals no stable chemical complex 
between the two phase members can be formed. Therefore, upon the onset of 
condensation spatial inhomogeneities arise which in turn result in 
nonstoichiometric regions in the amorphous matrix that do not develop the 
desired crystalline phase. 
Thus, a pivotal criterion is the mitigation of the propensity of properly prepared 
heterometallic precursors to dissociate which is usual to a certain degree 
depending on the type of alkaline metal species [136]. This was successfully 
achieved in the following by cooling the respective heterometallic precursor 
solutions to the brink of freezing and it will be shown below that this step is 
critical for the development of the correct metal ion allocation. For the solvent, 
ethanol has been applied throughout the described experiments while the impact 
of 2-methoxyethanol has been evaluated as well. Using ethanol as the solvent, 
undesired ligand exchange reactions are not possible allowing for the 
suppression of additional impact factors. One further advantage is that the 
freezing point of ethanol is still lower than the freezing point of 2-
methoxyethanol though the respective 2-methoxyethanol substituted complexes 
may be more stable. The addition of acetylacetone to the precursor solution is 
optional. Hence, as soon as the precursor solution had been prepared under 
protective atmosphere, it was placed in a tightly closed container and transferred 
to a cryostatic compartment to be cooled down to a temperature specific for the 
material system in question. Being cooled, the solution was allowed to 
equilibrate for half an hour before the container was opened and the modifying 
agent was added slowly while stirring. Thus, once an associated heterometallic 
complex was obtained under the applied conditions, the chemical structure of the 
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precursor was stabilized by inducing a controlled oligomerization. It is expected 
that the precursor molecules reside in a condition of stasis in this environment 
and all reactivities are significantly decreased. The modifier comprised a 6M 
solution of acetic acid in toluene as acetic acid is known to exhibit a crosslinking 
characteristic on metal alkoxides [133]. Prior to admixing, the additive was kept 
at room temperature due to the strong difference in freezing points. Thus, direct 
injection must be assured and any contact with the surface of the precursor 
container has to be evaded as it will result in instantaneous freezing of the 
modifier. The modified precursor solution was now allowed to react for one 
hour. Upon the addition of the chemical modifier slight precipitations occurred 
that completely redissolve after the subsequent heating to room temperature. 
Figure 7.38 displays the corresponding flow chart of the devised process. 
 
Figure 7.38: Flowchart of the cryogenic synthesis process for potassium-sodium-
niobate precursors as described above 
Precursor solutions processed in this manner were used to fabricate the 
respective thin-films. After spin-coating the precursor solution onto standard 
(111)-oriented platinized silicon wafers a combined drying and pyrolysis step 
was conducted by placing the samples on a hot plate at 400°C. Annealing has 
been performed in a layer-by-layer approach (whose impact will be further 
discussed below) by transferring the dried samples onto a hotplate held at a 
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temperature of 650°C. Variations from this standard process will be specified in 
the following. 
It is emphasized that the devised process possesses several key features that 
were observed throughout the conducted research and apparently have to be 
acknowledged in the processing of potassium-sodium-niobates. First of all, only 
the utilization of alkoxides of the alkaline source metals seems to be feasible in 
the described cryogenic process. For example, an analogous process using 
alkaline acetates was found to result in a multitude of second phases culminating 
in areas of pure niobium oxide in the as-deposited layers. This observation is 
ascribed to the different way of complex formation compared to the alkaline 
alkoxide source precursor, where a stable heterometallic complex together with 
the niobium component does not seem to be possible for alkaline acetates. 
Secondly, the addition of water i.e. the induction of a sol-gel transition in the 
modifying step is not possible and also leads to undesired second phases in the 
prepared thin-films. This phenomenon is attributed to a significant change in 
chemical equilibria. Whereas at room temperature, alkaline and niobium 
components compete for a reaction with existent water molecules this seems to 
be strongly shifted in favor of the alkaline metal alkoxides at cryogenic 
temperatures. Therefore, crosslinking had to be assured by the addition of acetic 
acid. Regarding this, it seems to be mandatory, that the alkaline complex is 
completely shielded from a hydrolytic reaction during the entire synthesis. 
While a prior addition of up to 6 equivalents of acetic acid before the systematic 
insertion of water molecules significantly inhibited the formation of second 
phases this still does not seem to be sufficient. The hypothesized chemical 
reaction pathway will be discussed in more detail juxtaposed to the entire 
findings at the end of this chapter. 
Finally, the thermal decomposition properties of the prepared precursor solutions 
have been evaluated by differential thermal analysis and thermogravimetry 
(DTA-TG). Figure 7.39 illustrates the thermal decomposition of about 70 mg of 
a precursor solution prepared from potassium and sodium ethoxides as well as 
niobium pentaethoxide dissolved in ethanol. The resulting solution was cooled 
to -90°C and crosslinked by the insertion of 10 eq of acetic acid. After reheating 
to room temperature the larger fraction of the solvent was removed by exposure 
to vacuum at a temperature of 40°C. 
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Figure 7.39: DTA-TG measurements of potassium-sodium-niobate precursor 
solutions prepared using the newly developed process outlined above and the 
diffraction pattern of the residual powder showing only potassium deficit phases as 
expected 
Interestingly, the characteristic decomposition does not resemble the typical 
patterns described in the respective literature [138]. In contrast to two separate 
phase formation events detected in state-of-the-art potassium-sodium-niobate 
precursor solutions one dominant associated crystallization event can be found 
indicated by an exothermic heat flow commencing at about 600°C. However, 
two smaller peaks at 450°C and 477°C still have to be ascribed to residual 
second phases (powder pattern). In addition to this, the remnant part of the 
volatile organic fraction (i.e. the solvent) has left the solution upon heating to at 
least 211°C (most likely attributed to a certain amount of ethyl benzoate that is 
catalytically formed during the synthesis) and the decline in sample weight 
reaches a steady state at about 450°C after the thermal decomposition of the 
organic ligands (broad exotherm) is completed. Therefore, the thermal stability 
of the niobium pentaethoxide complex has successfully been decreased in 
comparison to Figure 7.2 while only potassium deficit phases remain as will be 
discussed with respect to the synthesis temperature. 
Another interesting feature that also seems to be closely linked to the chemical 
reaction pathway is the ratio of metal ion species present in the precursor 
solution. It was found, that the outlined process is not extensively permissive 
with regard to the amount of alkaline excess or deficit employed in the 
processing. This further suggests the decisive role played by the hypothesized 
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heterometallic complex in the precursor solution. As has been pointed out above, 
upon adding the modifier slight precipitation occurs that completely redissolves 
after reheating. Figure 7.40 shows light scattering measurements conducted on 
the respective precursor solutions indicating the formation of nanoscopic 
particles by the crosslinking process which are on the order of 1-10 nm. 
 
Figure 7.40: Dynamic light scattering measurements of potassium-sodium-niobate 
precursor solutions prepared with different alkaline metal ion deficits or excesses 
after the addition of 14 eq of HOAc at a synthesis temperature of -90°C 
While all depicted samples exhibit a characteristic peak, a strong deficit in the 
alkaline component results in remnant particles with a size of less than 2 nm 
resembling Figure 7.9. In addition to this, no solution with an alkaline deficit 
featured a precipitation upon adding the modifier. Instead, a miscibility 
generated streak pattern occurred that quickly disappeared and the resulting 
films displayed a high percentage of second phases. It is therefore deduced that 
remnant niobium pentaethoxide molecules are present. In contrast to this, 
solutions with a high excess of alkaline metal species (> 30%) were found to 
precipitate without a subsequent redissolution. Within these stoichiometrical 
limits, precursor solutions were prepared and utilized for the deposition of 
potassium-sodium-niobate films. However, due to the evidence found so far it is 
expected, that a further improvement of source chemical quality (i.e. higher 
degree of correct heterometallic precursor formation) will significantly narrow 
the functional alkaline to niobium ratio. 
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It is therefore stated, that the described process produces nanoscopic colloids 
that mainly preserve the correct distribution of components and possess a high 
degree of crosslinking. 
 
Impact of synthesis conditions on the resulting film properties 
In the following, the synthesis conditions described above will be systematically 
investigated and the limits of the found process window will be determined. As 
has been already pointed out, the synthesis temperature plays a key role in the 
fabrication of potassium-sodium-niobate precursor solutions, especially under 
the assumption of the expected instability of the heterometallic precursor. 
Source precursor solutions therefore underwent the specified process under 
different cryogenic temperatures and the resulting films were characterized with 
respect to the development of second phases in the x-ray diffraction pattern. 
Although this is no sufficient condition to state the synthesis of functional KNN 
films as has been seen above it is a necessary prerequisite. Figure 7.41 illustrates 
the found dependencies for synthesis temperatures of -30°C, -60°C and -90°C. 
  
Figure 7.41: X-ray diffraction pattern in θ-2θ (Figure 7.41a) and glancing angle 
geometry (θ = 1°, Figure 7.41b) of potassium-sodium-niobate films deposited from 
precursor solutions synthesized using the outlined cryogenic process under different 
thermal conditions. All displayed precursor solutions were crosslinked by an addition 
of 7 equivalents of acetic acid 
It is shown, that while the classical θ-2θ geometry does not feature strong signs 
of second phases as has been expected, a measurement in glancing angle 
geometry reveals the increasing suppression of second phases upon reaching a 
synthesis temperature of -90°C. In contrast to this, pure sodium niobate films 
have been found to exhibit the same pattern while applying a synthesis 
temperature of only -30°C whereas pure potassium niobate films were not 
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successfully processable even at a temperature of -90°C. The given results 
therefore nicely complement the argumentation of an increasing instability of the 
heterometallic complex for higher order alkaline metals. In view of these 
findings, the standard synthesis temperature for potassium-sodium-niobate 
precursor solutions has been adapted to be -90°C a level where the employed 
solvent ethanol is still liquid. In addition to this, another interesting detail has to 
be pointed out. It is observed, that in the higher temperature regime, the phase 
formation in response to the induced crosslinking changes. Samples synthesized 
at an increased temperature of only -30°C exhibit a distinct peak splitting in θ-2θ 
geometry. While initially indexed as the (202) / (220) reflection of KNN this 
peak separation at 31.8° and 32.15° may also indicate the formation of 
K4Nb6O17 [153] and pure NaNbO3 [143] corroborating the conclusions drawn 
from the alkaline niobate crystallization pathways. Apparently, the condensation 
conditions inside the organic matrix also strongly affect the favored crystallite 
orientation resembling the results shown for potassium niobates. Later on, it will 
be demonstrated, that potassium-sodium-niobate films also display a strong 
dependence on the thickness of the as-deposited layer like it was found for 
sodium niobate films. 
Next in line, the amount of induced crosslinking has been evaluated. As has 
been discussed above, the initiation of a prototypical sol-gel transition by the 
insertion of water molecules is likely to be prohibited by the formation of 
alkaline hydroxides. Thus, solely acetic acid has to be applied for the 
stabilization of the heterometallic complex. However, due to the decreased 
ligand exchange efficiency of acetic acid compared to water, large excess 
amounts of acetic acid have been found to be required for film densification and 
a subsequent reduction of crystallization temperatures. Figure 7.42 presents an 
overview on the microstructural impact of different amounts of acetic acid with 
and without excess alkaline metal ions. 
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Figure 7.42: Microstructural impact of the amount of crosslinking agent and 
alkaline excess utilized in the cryogenic synthesis procedure. Figure 7.42a (upper 
row) displays potassium-sodium-niobate films derived from a stoichiometric amount 
of alkaline ions in the precursor solution whereas Figure 7.42b (lower row) 
corresponds to an alkaline excess of 15% with respect to the niobium component 
A fully dense and highly columnar structure is obtained dependent on the 
synthesis conditions and the way of precursor preparation. According to the 
developed line of argumentation the utilization of excess alkaline ions in the 
precursor synthesis will have positive and negative effects on the resultant film 
properties. Firstly, a certain amount of additional alkaline ethoxide molecules 
may permit a higher degree of correct complex allocation in the precursor that 
otherwise will not reach 100% due to the aforementioned inherent quality issues 
of the alkaline source precursors. Secondly, the unintendedly transformed 
alkaline ethoxide molecules as well as the fraction that do not contribute to the 
formation of a heterometallic precursor (the true excess) will incorporate defects 
into the as-deposited films. In comparison to the well established system lead-
zirconate-titanate (PZT) where homogeneity issues have been found to play a 
decisive role during precursor decomposition and phase development [132, 165-
166] potassium-sodium-niobates will likely be even more prone to the impact of 
structural defects. Regarding this, for example Eichel has shown for bulk 
ceramics that copper doping, usually applied during sintering, produces 
significantly more oxygen vacancies in KNN than in PZT [167]. Considering 
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this, a dependency on the amount of alkaline excess added to the system should 
be found where a certain excess is necessary to compensate undesired 
transformation of the highly reactive alkaline source precursors. The necessity 
for this part should diminish with an increasing precursor quality. Any further 
excess should deteriorate the properties of the obtained potassium-sodium-
niobate thin-films. That this is indeed the case will be shown in the following 
section. 
It has been shown above, that KNN films may feature a characteristic peak 
splitting indicating the formation of the monoclinic / orthorhombic phase or they 
may resort to a pseudocubic or predominantly oriented tetragonal representation. 
With this, it is expected that the amount of defects present in the films is one 
constitutive parameter for this variation. Figure 7.43 shows a close-up of one 
characteristic diffraction angle region for the samples presented in Figure 7.42. 
  
Figure 7.43: Close up of the (040)-(400)-(004) peak triplet in θ-2θ geometry in the 
potassium-sodium-niobate films presented in Figure 7.42. Figure 7.43a corresponds 
to the samples prepared without an alkaline excess whereas Figure 7.43b displays the 
samples with a 15% alkaline excess. Deconvolution using PANalytical HighScore 
software shows a peak separation schematically depicted for the samples prepared 
with 10 eq of HOAc 
A pronounced peak separation occurs in some of the prepared samples 
dependent on the processing route. Interestingly, only samples prepared without 
an alkaline excess and a sufficient induced crosslinking feature a clearly double-
sided skewed intensity distribution that can be deconvoluted into three 
individual peak positions. The peaks can be ascribed to the (400), (004) and 
(040) orientations of K0.35Na0.65NbO3 ceramics as discussed above with the 
inclusion of a small shift in peak positions due to compositional influences and 
substrate clamping [164] (sic). It is expected that samples prepared with an 
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alkaline excess resort to a predominantly different crystalline orientation. 
Interestingly, an oversized addition of acetic acid also seems to inhibit a 
predominant monoclinic / orthorhombic phase formation further indicating the 
strong effect of preliminary modifications on the phase formation. Regarding 
this, unfortunately, an acetic acid addition of more than 10 equivalents is 
necessary if spin coating under ambient atmosphere is intended. Otherwise, the 
hydrolytic reactivity of the remnant ethanolic ligands of the niobium complex 
will result in films that are no longer smooth. Further, the importance of the 
narrow optimality region for the acetic acid addition to pure niobium ethoxide 
precursors is emphasized. The optimal amount of acetic acid addition to 
potassium-sodium-niobate precursors is therefore found to vary between 10 eq 
and 14 eq and an alkaline excess of less than 15% seems to be mandatory. 
Finally, the polarizability of the as-deposited films has been assessed by 
characterization with a ferroelectric test equipment (aixACCT technologies). 
Figure 7.44 displays the respective data. 
  
Figure 7.44: Polarization current density vs. the applied electric field measured using 
a standard ferroelectric tester at 100 Hz for samples prepared with different amounts 
of alkaline excess and an addition of 10 eq of HOAc (Figure 7.44a) in comparison to 
the pure leakage current contribution. Figure 7.44b shows the time response of the 
current density on a quasistatic basis after an applied voltage step as measured by a 
high-resolution source-meter 
It is found, that the prepared samples exhibit a very high polarizability where the 
absolute value of the measured polarization currents closely correlate to the 
amount of peak splitting observed in the x-ray diffraction data. The displacement 
current induced fraction of the current response highly exceeds the true leakage 
contribution for low to medium electric fields. However, beyond a certain 
threshold leakage determined behavior prevails. While the absolute amount of 
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detected polarization currents indicate a highly polarizable lattice no stable states 
of polarization can be stated. The following sections will reveal that this is due 
to the orientation of the polar axis in the unit cells as well as due to the substrate 
induced deformation exerted upon the potassium-sodium-niobate lattice. 
 
Further process variations 
In order to establish additional understanding regarding the impact of processing 
conditions on the properties of the as-prepared films several critical parameters 
in the processing of the presented potassium-sodium-niobate films will be 
discussed in the following. One important variable - as has been thoroughly 
introduced  is the amount of alkaline excess added to the precursor solution to 
compensate for the outlined loss mechanisms. Potassium-sodium-niobates in a 
high quality crystalline representation should respond to an effective alkaline 
excess with rapidly deteriorating electrical properties. Indeed, Figure 7.45 
illustrates that while an alkaline excess of 15% leads to inferior electrical 
properties higher amounts result in outright electrically shorted films. 
  
Figure 7.45: Leakage current properties of potassium-sodium-niobate films prepared 
with a variation of total alkaline excess and annealing temperatures. Crosslinking has 
been fostered by 10 eq of HOAc. The combination of a 700°C anneal with a 15% 
alkaline excess has been omitted for the sake of clarity 
Interestingly, the application of an excess of 15% is found to be already 
prohibited at higher annealing temperatures. The reason for this may be the 
possible crystallization of secondary nonstoichiometric phases. Little to no 
variation in the electrical properties is only detected upon the insertion of less 
than 7.5% alkaline excess. The obtained results are therefore in line with the 
interpretation of the dynamic light scattering measurements presented in Figure 
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7.40. The hypothesis of the fabrication of high quality KNN precursor solutions 
by the described process is therefore supported. In addition to this, an annealing 
temperature of about 650°C is expected to be sufficient to obtain high-quality 
KNN films if the precursor preparation is done correctly even if the DTA-TG 
measurements indicate an ongoing exothermic heat flow. 
Another fundamental question in the processing of KNN films originates from 
the fact that for potassium niobate and sodium niobate films a significant impact 
of the thickness of the as-deposited layer on the crystallization characteristics 
has been proven. Potassium-sodium-niobate films are likely to closely follow 
this behavior. So far, all presented samples have been annealed in a layer-by-
layer approach with an individual layer thickness of about 30 nm and 5 
subsequent coatings. In contrast to this, Figure 7.46 shows the microstructure 
obtained from an analogous process that utilizes only a single final annealing 
step at a temperature of 650°C. Obviously, the pronounced columnar structure 
found in Figure 7.42 is lost indicating a bulk determined crystallization behavior 
that correspondingly dominates the interface determined fraction. 
 
 
Figure 7.46: Cross-section scanning 
electron microscopy of KNN films that 
were prepared using only a single final 
annealing step. Crosslinking was induced 
by the addition of 14 eq of HOAc 
Figure 7.47: X-ray diffraction pattern of 
KNN films annealed in a layer-by-layer 
process compared to a single final anneal 
Consistent to this observation is the interpretation of the x-ray diffraction 
patterns given in Figure 7.47. The strong (020) texture of the monoclinically 
assumed lattice is lost and in turn, a slight peak splitting in the (202) / (220) 
reflection appears. Apart from the structural component, this change in the 
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crystallization pathway dramatically influences the determined electrical 
characteristics as will become evident in Figure 7.48. 
  
Figure 7.48: Effect of as-deposited layer thickness subjected to an annealing step on 
the leakage current properties of the fabricated films (Figure 7.48a) as well as on the 
dielectric permittivity and the loss factor (Figure 7.48b) 
While potassium-sodium-niobate films derived from a layer-by-layer based 
approach exhibit a highly insulating behavior as well as a comparably low loss 
factor all films prepared by a single anneal resemble the characteristics expected 
from niobium oxide films prepared under the addition of acetic acid. 
Unequivocally, several physical mechanisms affect the current-voltage-
dependency and the related dielectric material properties. For instance, a steep 
incline of the low frequency loss factor of films subjected to a single anneal 
could be explained by the assumption of the classical brick-wall model. Therein, 
a space charge displacement occurs at low frequencies in a structure of slightly 
conductive grains and highly insulating grain boundaries as can be expected due 
to the found evidence. The strong impact of annealing conditions is therefore 
attributed to the material inherent challenge of the close proximity of niobium 
and oxygen orbitals. Hence, even a process dependent lattice deformation may 
induce partial overlapping. Using this argumentation it is reasonable, that an 
applied electric field strongly influences the detected loss factor of the capacitor 
setups for the case of films where crystallization is dominated by the bulk 
contribution. It is therefore deduced, that the amount of lattice deformation 
induced by the substrate (i.e. due to lattice mismatch) during a layer-by-layer 
approach will as well have a drastic effect on the obtained material properties. 
This will be proven in the following section. It is further emphasized, that an 
existent lattice distortion apparently does not relax to the expected equilibrium 
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conditions within the prepared film thickness of about 150 nm. It is 
hypothesized that this is caused by the inherent stability of distorted versions of 
the potassium-sodium-niobate lattice. Any electrical properties derived from as-
prepared films are consequently highly dependent on the present mechanical 
stress levels and the resultant lattice distortions of the potassium-sodium-niobate 
films. 
Further possible process variations comprise a change in solvent favoring 2-
methoxyethanol over ethanol and the addition of acetylacetone as its positive 
effect on the precursor homogeneity has been shown above. Short reference will 
be given to these measures. In contrast to ethanol, 2-methoxyethanol exhibits a 
lower volatility during spin-coating which will result in thinner layers of 
approximately 10 nm in a single coating for the standard concentration of 0.1M 
coating solutions. This renders the fabrication of films with a thickness of 
150 nm tedious. In addition to this, 2-methoxyethanol possesses a freezing point 
of about -85°C being at the brink of a complete association of the heterometallic 
ethanolic complex as shown above. Admittedly, the stability of the 2-
methoxyethanol substituted complex may be increased but it may also impede 
the necessary ligand exchange reactions. Further research has to evaluate this 
matter. However, no real necessity for the application of 2-methoxyethanol has 
been found and on this basis its employment has been removed from the process 
due to its hazardous nature. This results in a completely environmentally benign 
synthesis process. As of the role of acetylacetone, no distinct indication of a 
positive or negative impact on the synthesis route could be proven under the 
involvement of cryogenic temperatures. It is therefore deduced, that due to the 
inherent large degree of heterometallic complex association in the devised 
process its addition is not absolutely necessary. Yet, an addition of about 1 eq 
may provide a further tool for the development and tuning of the designed 
process as will be referred to below. For instance, a concluding reflux step of the 
as-derived cryogenic precursor solution is only possible under the prior addition 
of acetylacetone to the niobium pentaethoxide source precursor. Otherwise, a 
strongly polydisperse particle size distribution will emerge during the reflux step 
resulting in a precipitated coating solution. Therefore, it is expected, that the 
propensity for the formation of the colloidal complexes in the precursor solution 
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can be influenced to a great extent by an adequate suppression of ligand 
exchange reactions. 
 
Impact of substrate characteristics 
As has been pointed out above, a strong impact of the existent substrate 
conditions on the properties of the prepared potassium-sodium-niobate films is 
expected, especially for a layer-by-layer based annealing approach. To further 
verify this conceived notion KNN films were fabricated on different substrates. 
Thus, the aptitude of standard (111)-oriented platinum bottom electrodes and 
chemical solution deposition derived polycrystalline aluminum oxide films on 
oxidized silicon wafers was assessed together with single crystals of niobium-
doped strontium titanate and epitaxially grown platinum bottom electrodes on 
MgO single crystals. Figure 7.49 illustrates the found microstructure of the as-
prepared thin-films. 
 
Figure 7.49: Scanning electron microscopy of potassium-sodium-niobate films 
deposited on different substrates, namely (111)-oriented platinum electrodes on 
oxidized silicon wafers, a polycrystalline aluminum oxide layer deposited on oxidized 
silicon wafers, (100)-oriented platinum electrodes epitaxially grown on MgO single 
crystals and finally (100)-cut niobium-doped strontium titanate single crystals 
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In accordance to the thin-films prepared so far, a dense and homogeneous 
microstructure is obtained. However, the different films deviate greatly as a 
closer look at the corresponding x-ray diffraction patterns in Figure 7.50 
demonstrates. While no clear evidence of the formation of second phases can be 
found, a decisive shift in the respective KNN (200) / (020) peaks elucidates the 
strong substrate induced deformation that the lattices of the differently prepared 
films are subjected to. 
  
Figure 7.50: X-ray diffraction pattern (Figure 7.50a) and a close up of the KNN (200) 
/ (020) peak (Figure 7.50b) of films prepared using 1 eq of Hacac and an alkaline 
excess of 7.5%, crosslinked with 14 eq of HOAc on different substrates. The depicted 
peak shift indicates a significant lattice distortion of the potassium-sodium-niobate 
unit cells 
This finding directly correlates to the electrical properties of the prepared films. 
For instance, the potassium-sodium-niobate films deposited on niobium-doped 
STO single crystals and (100)-oriented epitaxially grown platinum electrodes on 
MgO single crystals display an instantaneous electrically shorted behavior. This 
observation is reasonable under the argumentation presented so far. The detected 
shift in d-spacing in direction of lower diffraction angles indicates an elongated 
lattice parameter perpendicular to the substrate. Assuming a roughly constant 
volume of the unit cell this will correspond to a compression of the lattice 
parameters in the in-plane direction. This compression is likely to cause a 
change in the equilibrium distances between the niobium and oxygen ions. A fall 
below a certain limit will greatly facilitate orbital overlap which may be further 
fostered by present defects resulting in the cessation of insulating behavior. 
In contrast to this, films prepared on (111)-oriented platinum bottom electrodes 
exhibit the well known electrical properties described above though no stable 
states of polarization can be detected. Finally, films prepared on aluminum oxide 
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that are contacted through an interdigitated electrode setup display clear 
ferroelectricity as shown in Figure 7.51. Unfortunately, this combination also 
possesses elevated leakage currents rendering the calculation of a meaningful 
remnant polarization impossible. 
  
Figure 7.51: Ferroelectric polarization and the corresponding current response 
measured for KNN films in a top-bottom-geometry on (111)-oriented platinum 
electrodes as well as in an interdigitated setup with a pitch of 8 µm on a chemical-
solution-deposited aluminum oxide layer. Both growth templates have been prepared 
on oxidized silicon wafers with a thin adhesion layer of titanium oxide. The 
interdigitated electrode parameters were lE = 44 µm, kE = 17 µm and NE = 17 
In contrast to the samples prepared on the respective single crystals, a second 
possible cause for the inferior properties is the way of interdigitated electrode 
definition. Platinum sputter deposition and reactive ion etching steps (these 
samples were subjected to) possibly also contribute to a degradation of the 
surface properties leading to surface currents. Water adsorption to the 
potassium-sodium-niobate surface between the interdigitated electrodes may 
also constitute a deteriorating factor. Further studies will have to show, whether 
these slightly inferior electrical properties have to be attributed to the outlined 
conjecture or are as well due to an inherent lattice distortion deviating from the 
equilibrium conditions. 
Nevertheless, for the first time, clear ferroelectricity has been proven in 
potassium-sodium-niobate thin-films properly prepared. A coercive field of 
about 50 kV/cm has been detected that in turn does not comply with literature 
values of about 10 kV/cm measured for KNN bulk ceramics [168]. The reasons 
for this are that due to the reduced film thickness of about 150 nm and the huge 
difference in dielectric permittivities not the complete electric field is transferred 
through the KNN layer alone. A significant part is also transferred through the 
Fabrication of Potassium-Sodium-Niobate Thin-Films 
 
169 
 
aluminum oxide layer underneath and to a lesser extent through the silicon oxide 
layer as well. In addition to this, the detected electrical leakage will also 
contribute to the fact that the applied electric field does not fully constitute the 
polarizing field. The assumption expressed from the experiments on the 
crystallization of potassium niobate and sodium niobate films is thereby 
confirmed. The polar axis of the potassium-sodium-niobate thin-films prepared 
on top of an aluminum oxide layer is indeed aligned in-plane with the substrate 
surface. A brief assessment of the matter would therefore suggest that this is the 
reason why films prepared on other substrates do not feature ferroelectricity. 
However, a closer examination will reveal that there may be more to this 
apparently simple observation. Evidence for a more profound impact of the 
substrate conditions on the highly adaptable crystalline forms of the prepared 
potassium-sodium-niobate films can be found when a different diffraction angle 
regime is monitored. Figure 7.52 displays the respective data. 
 
Figure 7.52: X-ray diffraction pattern of the KNN films prepared on (111)-oriented 
platinum electrodes and chemical solution deposition derived aluminum oxide layers 
as presented in Figure 7.49 
Interestingly, a reflection can be detected that has not been found for any sample 
prepared on platinum bottom electrodes. Unfortunately, this reflection is not 
easily attributable to a specific phase. A distorted (100) orientation of the 
monoclinic (K0.35Na0.65)NbO3 reference card [164] (sic) as well as the deficit 
phases K4Nb6O17 [153] and KNb3O5 [169] are possible candidates. In contrast to 
this, films fabricated on platinized silicon substrates seem to largely respond 
with the formation of distorted crystallites of a different symmetry. These 
polymorphic representations obviously also lack ferroelectricity and / or mask 
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the possible existence of deficit phases. Thus, further research will have to find 
means to systematically influence the growth process of the respective thin-
films. 
Finally, the temperature dependency of the KNN lattice spacing perpendicular to 
the different substrates has been evaluated in analogy to the approach used for 
potassium niobate and sodium niobate films. Figure 7.53 illustrates the 
measured response. 
 
Figure 7.53: Development of the potassium-sodium-niobate lattice parameters 
perpendicular to the sample surface as extracted from the potassium-sodium-niobate 
(200) / (020) reflection by deconvolution. Different characteristic features for a 
change in substrate can be inferred. Please note that the precursor solution used in 
the fabrication of the respective films was crosslinked with 14 eq of HOAc and 
therefore, films prepared on (111)-oriented platinum electrodes do not exhibit a 
distinct peak splitting 
It becomes evident, that while the investigated substrate materials introduce 
different degrees of lattice distortion that express themselves in varying absolute 
values of the lattice constants, a common trend in expansion is found. KNN 
films prepared on aluminum oxide layers deviate from this trend in the high 
temperature regime (above ~550°C) probably due to substrate clamping effects. 
In contrast to other samples, those prepared on epitaxially grown (100)-oriented 
platinum bottom electrodes feature a largely individual behavior. Nonetheless, 
the distinct peak splitting vanishes at about 415°C which meets the Curie 
temperature of potassium-sodium-niobate ceramics. It is therefore verified that 
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potassium-sodium-niobate films have been prepared even if traces of second 
phases remain and the substrate induced lattice distortion is one of the main 
reasons for inferior electrical properties in potassium-sodium-niobate thin-films. 
 
Discussion of the obtained results and the developed synthesis process 
In this chapter, fundamental aspects of the formation and characteristic 
properties of potassium-sodium-niobate films have been presented. One of the 
main findings is that a new synthesis process for the fabrication of high-quality 
potassium-sodium-niobate precursor solutions has been disclosed. 
 
Figure 7.54: Working hypothesis of the devised synthesis process for potassium-
sodium-niobate precursor solutions including reference to observations in favor of 
the described argumentation 
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In this section, a working hypothesis for the chemical interactions that take place 
during the precursor synthesis will be given and the argumentation for the 
involved mechanisms will be reinforced by the characteristic features detected in 
related experiments. Regarding this, Figure 7.54 reveals a graphical illustration 
of the underlying phenomena throughout the synthesis process. 
Arguments in favor of the reaction mechanisms denoted in the figure above will 
be given according to the respective enumeration: 
A.) One of the key features of the derived process includes the application 
of cryogenic temperatures in the synthesis and further processing of a 
heterometallic alkaline-niobium-complex. While it is known that 
niobium ethoxide mainly exists in a dimeric form (1) [170-172] to 
allow for coordination expansion of the pentavalent metal ion, the 
complex formed upon the addition of alkaline ethoxides (2) is largely 
unknown. Although, evidence given by Mehrotra [136] indicates, that 
the resulting heterometallic complex (3) may be unstable for higher 
order alkaline metals (stability: Li > Na > K). This is supported by the 
conducted experiments that show, that second phases up to pure 
niobium oxides appear upon a chemical modification which leads to 
uncontrolled crosslinking of the precursor. Similar results were 
obtained for films prepared without any crosslinking under protective 
atmosphere. With reference to this, the essential importance of a 
modification under highly cryogenic temperatures (i.e. less than 
-90°C) has been shown indicating a structural energetic optimum of 
the complex in question which is favored over a kinetic reaction 
pathway. In addition to this, different alkaline source precursors like 
the respective acetates have been found not to be suitable for the 
devised synthesis. This is attributed to a different way of complex 
formation. It is therefore believed, that a homogeneous and stable form 
of metal ion allocation in the precursor is obtained. The most easily 
conceivable way to achieve this is when the coordination expansion of 
the niobium complex is performed by the aid of the alkaline ethoxide 
molecule (3) while at room temperature several competing 
mechanisms like a niobium ethoxide dimer (1) formation exist. Further 
long-range order like the one detected in the respective lithium-
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niobium-alkoxide complexes [137] may be present as well but is not 
included in the illustration. 
B.) Once a homogeneous and stable metal ion allocation is obtained this 
structure has to be preserved. It was found, that the addition of acetic 
acid is highly successful in this task. It is therefore argued, that the 
first chemically active attack of the acetic acid is performed at the site 
of the attached alkaline complex. This assumption is uttered on the 
grounds of several observations. First, the insertion of water molecules 
instead of acetic acid was not successful resulting in a multitude of 
second phases in the respective films. This is attributed to a shift in the 
chemical equilibrium such that under cryogenic temperatures the 
formation of alkaline hydroxides is strongly favored over a hydrolytic 
crosslinking of the niobium component. Second, the occurrence of 
precipitates and the subsequent redissolution of the same is strongly 
influenced by the exact alkaline to niobium stoichiometry used in the 
processing whose effect manifests itself in the acquired DLS 
measurements. Third, a large excess on the order of 10 equivalents of 
acetic acid has been applied in the presented films but is was found, 
that beyond about 7 equivalents, only an increased film densification 
in line with a more homogeneous macrostructure was observed. It is 
therefore concluded, that primarily the excess acetic acid is used in the 
reactions with the niobium components. With regard to this it is 
further stated, that in the cryogenic regime possible esterification 
reactions are not predominant even if traces have been detected. 
C.) Due to the large excess of added acetic acid, a great number of these 
reactive species exist in the latter stages of the synthesis to foster an 
extensive ligand substitution of the alkaline-niobium-complexes. 
Regarding this, no further hydrolytic dependencies could be detected 
during the ambient processing of the coating solutions. This is largely 
contrasting the experience made in the fabrication of non-modified 
potassium niobate, sodium niobate or pure niobium oxide thin-films 
under protective atmosphere where hydrolytic contributions were still 
present even after a 500°C heat treatment. It is further emphasized, 
that the prior addition of acetylacetone which is not likely to be 
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removed by an acetic acid exchange significantly changes the behavior 
of the precursor solution under a concluding reflux step. 
D.) The bridging functionality of the attached acetic acid ligand results in 
the following in a highly crosslinked matrix inside the precursor 
solution. However, the formed colloids are still soluble in the solution 
and the precipitates disappear after reheating to room temperature if 
processed correctly. After precursor preparation dynamic light 
scattering has displayed particles sizes on the order of 1-10 nm inside 
the coating solution. Additional evidence for the importance of 
condensation conditions inside the matrix is provided by the strong 
dependency of the microstructure and crystallinity on the amount of 
added acetic acid. 
E.) In a final argumentation, the described process results in 
homogeneously distributed metal ions inside the precursor solution. 
This assumption is supported by the fact that functional potassium-
sodium-niobate thin-films can be prepared by the devised process if 
the outlined additional substrate induced challenges are accounted for. 
Further and less implicit proof for the functional synthesis of 
potassium-sodium-niobate precursors can be derived from the 
displayed thermal decomposition measurements of the resultant 
precursor solution. In contrast to conventional synthesis approaches, 
only minor secondary phase formation or source precursor 
transformation events can be detected that can be exclusively 
attributed to the potassium component.  
The hypothesized chemical reaction pathway is therefore found to accurately 
describe the experimental evidence collected throughout this thesis. Hence, it is 
hereby disclosed for scientific discussion. 
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8 Conclusions 
8.1 Summary 
Future applications like piezoelectric energy harvesters as well as increasing 
environmental awareness ultimately demand novel sophisticated material 
systems in the field of piezoelectrics as an alternative to the long-established 
system lead-zirconate-titanate. This change in perception has been mediated 
throughout the last decade as questions of ecological sustainability and the 
substitution of toxic substances in industrial usage thrived in common notion. 
However, in spite of all efforts to procure new functional materials lead-
zirconate-titanate still yields by far the best performances for many applications. 
Out of the few serious competitors, potassium-sodium-niobates excelled in 
literature contributions in the field of bulk ceramics after many years of research 
but extensive complications persist that prohibited processing in thin-film form. 
Thus, with respect to the prior defined major objectives of the present work the 
following key findings have been obtained in this thesis. 
 
• Theoretical assessment of optimal transducer conditions for 
piezoelectric microgenerators 
In order to evaluate the role that the transducer parameters itself play 
for microgenerator performance, a comprehensive system model of a 
microgenerator based on differential equation systems has been 
incorporated into a Matlab Simulink simulation. Thereby, it was 
possible to integrate nonlinear elements like a rectifying circuit and 
more importantly individually review the performance contributions 
that are due to the specific transducer parameters. The latter is 
especially complicated to assess in an experimental approach while 
discerning mutual dependencies. Using the outlined simulation it was 
found amongst other things that the constitutive transducer parameter 
for a piezoelectric microgenerator is neither the piezoelectric d 
coefficient nor the piezoelectric coupling κ as commonly believed so 
far but the piezoelectric h coefficient. This is especially interesting as 
lead-zirconate-titanate may hence no longer be the first choice in 
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material selection for a piezoelectric microgenerator. In fact, material 
systems with a significantly lower dielectric permittivity and / or 
roughly comparable piezoelectric d coefficients like potassium-
sodium-niobate or polyvinylidene fluoride may easily outperform 
lead-zirconate-titanate compounds. In addition to this, a serious 
disadvantage of piezoelectric microgenerators has been identified that 
severely hampers the resultant generation properties. Due to the 
capacitive nature of the microgenerator that usually goes along with a 
small internal capacitance operation under impedance matched 
conditions is not easily realizable and consequently, a pronounced 
drop in power generation is inevitable. 
• Microgenerator design approach for low-level resonance devices 
In order to actually fabricate microsystem devices that may be utilized 
as a piezoelectric microgenerator a sophisticated device design is 
required that accounts for several partly contradictory design rules. 
Among these, microsystem design for a low-level resonance on the 
order of 150 Hz and the possibility to adept to randomly fluctuating 
input vibrations are the most stringent. In this work, bandwidths on the 
order of a few hundred Hertz have been experimentally shown for 
devices designed for nonlinear Duffing oscillator characteristics. 
However, due to intrinsic stress stiffening determined behavior the 
absolute frequency levels were found to be above 1000 Hz. In contrast 
to this, a strongly reduced natural frequency of the respective 
microsystems of about 350 Hz has been obtained via a novel device 
design of chiral common proof mass devices. For these devices, a 
profound divergence from the theoretically expected Duffing oscillator 
behavior was found that is attributed to an ongoing torsional 
movement of the device which restricts the obtainable bandwidth. 
The generation characteristics of the fabricated non-optimized lead-
zirconate-titanate-based piezoelectric microgenerators have been 
determined as well and equal a resultant power density of 11 kW/m3 if 
normalized upon the actual transducer volume or 2 W/m3 if the unused 
fraction of the device is included, too. The latter value is orders of 
magnitude lower than the power densities achieved in lithium ion 
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batteries while the value with respect to the active layer alone is still 
inferior but already approaches a comparable level. 
• Integration of poly (vinylidene fluoride – trifluoroethylene) into 
piezoelectric microsystems 
As a basic consequence of the theoretical considerations and actual 
microsystem device designs that were elaborated in this thesis 
polyvinylidene fluoride has been identified as an extraordinarily 
promising material system for transducer applications in piezoelectric 
microgenerators. Functional thin-films have been prepared as a 
prerequisite and more importantly, a complete process flow for the 
integration of polyvinylidene fluoride films into piezoelectric 
microsystems has been devised. In fact, lithographical pattern transfer 
was found to be eligible if certain restrictions are accounted for which 
is largely unusual for polymeric substances. With respect to this, a 
thorough investigation of the damage potential of the exposure to 
chemicals during lithography as well as of the applied reactive ion 
etching steps has been performed. Hence, the inherent material 
advantages could be transferred to a functional device rendering novel 
strongly strain-based device designs as in piezoelectric 
microgenerators feasible. The prepared devices were indeed found to 
be highly insusceptible to stretching induced material failure and 
exhibited nonlinear vibrations with a bandwidth of several hundred 
Hertz. 
• Fundamental understanding of the solution-based synthesis of 
potassium-sodium-niobate thin-films 
Constituting one of the main parts of this work, the successful 
chemical-solution-deposition of potassium-sodium-niobate films 
required a preliminary comprehensive understanding of the underlying 
chemical processes. Regarding this, extensive complications have 
been encountered resulting in contradictory requirements for the 
prevalent species. For instance, an unusual stability of organic residues 
from the thermal decomposition of the niobium ethoxide complexes 
has been detected. This proved fatal if acetylacetone which is a 
common stabilization agent in chemical-solution-deposition was 
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further added during the fabrication of niobium oxide films resulting 
in a significant deterioration of the film properties. Mitigation of these 
decomposition problems could be achieved via the controlled 
hydrolysis of the niobium ethoxide species but unfortunately - if 
present - the alkaline complexes were also found to be strongly 
affected by this measure yielding a multitude of second phases. 
Further, extensive evidence has been collected that points towards the 
fact that the corresponding alkaline and niobium complexes are not 
completely associated in a heterometallic precursor inside the solution 
and therefore distinct problems in spatial homogeneity persist. This 
will become especially pronounced as soon as the condensation of the 
organometallic matrix sets in. 
Based on the attained understanding, a fundamentally new synthesis 
approach has been developed for the fabrication of potassium-sodium-
niobate films that was also found to be suitable for other complex 
oxides. Herein, cryogenic cooling was utilized to stabilize the 
heterometallic alkaline-niobium-complexes and increase the degree of 
correct metal ion allocation. While in this state, partial condensation 
was induced by the insertion of a suitable crosslinking additive 
preserving the increased homogeneity. Diluted acetic acid has been 
found to be appropriate for this task whereas the prototypical addition 
of water resulted in the pronounced formation of second phases. The 
precursor solutions prepared in this way were found to strongly 
deviate from the ones described in literature avoiding the so far 
reported decomposition problems. Finally, potassium-sodium-niobate 
films have been prepared using the synthesized precursor solutions 
and for the first time, clear ferroelectricity has been demonstrated in 
thin-films of potassium-sodium-niobate. To achieve this, further 
challenges emerging from the choice of substrate and processing along 
with the tendency of the material to adapt non-ferroelectric 
polymorphic representations had to be accounted for. 
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8.2 Outlook 
With respect to the results presented in this thesis several issues remain to be 
addressed in order to enable industrial usage or foster further scientific 
understanding of the investigated subjects. 
The fabrication of a piezoelectric microgenerator is a comparatively new 
application for the integration of piezoelectric materials and has been 
demonstrated to be a highly interconnected task between mechanical and 
electrical system design as well as materials science. Hence, research on various 
different points is required. Besides refining the underlying theoretical model 
descriptions and in turn arrive at a more sophisticated and accurate model of the 
system in question, a strong experimental focus is still to be placed upon the 
device design and optimization. For instance, in the presented device designs 
low-level and broad-bandwidth resonances are obviously conflictive objectives 
while constrained by specific device area restrictions. Primary attention should 
therefore be directed to the derivation of a mechanical microsystem design that 
combines the structural advantages that are inherent to the two forms of common 
proof mass devices that have been presented in this thesis. Further device 
evolution should be directed towards the integration of high-aspect electroplated 
metal proof mass structures instead of the SU-8 mass as the concentration of 
mass is one of the key design rules. The most important aspect therefore implies 
a colossal increase of the active volume fill factor of the device. Along with this 
strategy goes a comprehensive design in view of a minimization of parasitic 
damping or the application of vacuum packaging technology. Finally, one aspect 
of piezoelectric microgenerator design that has not been addressed in detail in 
this thesis refers to the concise layout of optimized electrical load structures as 
the importance of this point has been impressively shown by simulation. As the 
devices introduced in this thesis present a non-optimized benchmark and the 
generated power per volume is already at an auspicious level plenty of room for 
improvement and subsequent industrial interest is envisaged. 
Referring to the processing of polyvinylidene fluoride films the functional 
integration into microsystem designs has been demonstrated. Points that should 
still be addressed include fostering the understanding why lithographical pattern 
transfer is altogether possible for this polymeric system and how the fabrication 
process can be improved with respect to yield. Several process variables that 
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seem to contribute to these questions have been identified in this work. As for 
the last obstacle that prevented the assessment of highly-strain tolerant PVDF-
based piezoelectric microgenerators in this thesis, methods to establish bond 
connections to the gold top electrodes should be developed. So far, devices were 
found to suffer from electrical shorts as soon as pressure was exerted upon the 
PVDF layer at the elevated temperatures used during bonding which seems to be 
a downside of the enhanced material elasticity. Furthermore, the remaining 
metal electrodes should be exchanged for polymeric electrodes in a concluding 
step to fully tap the potential of a strain-based microsystem design and evade the 
present impact of intrinsic material stresses. 
Finally, concerted effort should be undertaken to use the basic understanding of 
the chemical-solution-deposition of potassium-sodium-niobate thin-films that 
has been generated by this work and pave a way for general processing 
standards for this complicated material system. For instance, chemical analysis 
tools should be used to elucidate the impact of cryogenic processing on the 
formation and degree of association of the heterometallic precursor. With 
respect to the remaining residues of exclusively potassium deficit phases even 
lower synthesis temperatures or more likely a favorable ligand exchange that 
further stabilizes the heterometallic complex (like it has been experimentally 
shown for the addition of acetylacetone) will have to be found. In addition, it 
should be investigated on a molecular level why the organic fraction in the 
niobium ethoxide precursor is stable up to high temperatures and as a result, the 
low temperature crystalline TT-phase of niobium oxide is preserved up to 
unusually high processing temperatures. The observed metastable structural 
distortion observed in niobium oxide is also expected to have a decisive impact 
on the respective potassium-sodium-niobate lattice whose characteristics were 
also found to be highly dependent on the choice of substrate. Hence, this 
presents an additional defect mechanism that has to be further investigated 
regarding the still inferior ferroelectric properties of potassium-sodium-niobate 
thin-films compared to lead-zirconate-titanate. 
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Appendix 
 
Primary System Parameter Symbol Value 
Beam length bl  1 m 
Beam width bb  4 cm 
Beam thickness bt  1 cm 
Density of the beam material bρ  7860 kg/m3 
Young’s modulus of the beam material bY  206 GPa 
Transducer length tl  15 cm 
Transducer width tb  3.51 cm 
Transducer thickness tt  0.5 mm 
Transducer position on the beam tp  0.25 bl⋅  
Density of the transducer material tρ  7600 kg/m3 
Young’s modulus of the transducer 
material t t
1
EY s=  50 GPa 
Piezoelectric coefficient of the 
transducer material 31d  -150 ⋅10
-12 pm/V 
Relative permittivity of the transducer 
material r
ε  1800 
Electrical loss factor of the transducer 
material et
η  3 ⋅10-3 
Mechanical loss factor of the 
transducer material mtη
 5.6 ⋅10-4 
Damping coefficient of the 1-st mode m0ζ  0.01 
 
Table A1: Primary system parameters used in the Matlab Simulink simulation 
 
Secondary System Parameter Symbol Value 
First mode natural angular frequency 
of the system m0ω
 146.39 1/s 
Lumped compliance of the mechanical 
beam mb,lumped
C  0.1169 µm/kN 
Lumped inertia of the mechanical 
beam mb,lumped
L  40202 kg 
Lumped damping of the mechanical 
beam mb,lumped
R  117.28 ⋅103 kg/s 
Mechanical compliance of the 
transducer mtC  0.159 mm/kN 
Electrical capacitance of the transducer etC  0.156 µF 
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Degree of electromechanical coupling me emT T=  11558 N/A  
Electromechanical coupling coefficient κ  0.266 
Impedance matched resistive electrical 
load eL,opt
R  1.27 kΩ  
Impedance matched inductive 
electrical load eL,opt
L  299.91 H 
Impedance matched electrical power 
output eL,opt
P  12.2 mW 
 
Table A2: Secondary system parameters calculated from the primary parameters 
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